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Weak localization in spin-orbit
coupled lattice systems
Hiroshi Hayasaka
Abstract
The quantum correction to electrical conductivity is studied on the basis of two-
dimensional Wolff Hamiltonian, which is an effective model for a spin-orbit coupled
(SOC) lattice system. It is shown that weak anti-localization (WAL) arises in SOC
lattices, although its mechanism and properties are different from the conventional
WAL in normal metals with SOC impurities. The interband SOC effect induces the
contribution from the interband singlet Cooperon, which plays a crucial role for WAL in
the SOC lattice. It is also shown that there is a crossover from WAL to weak localization
in SOC lattices when the Fermi energy or band gap changes. The implications of the
present results to Bi-Sb alloys and PbTe under pressure are discussed.
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0
0
1
 = −Nk iℏγ|k|∆+ Ek e−iφk |c ↑〉+Nk |v ↓〉 (1.3.32)
????Ek =
√
∆2 + γ2k2 ????Nk ????????????????
Nk =
√
∆+ Ek
2Ek
. (1.3.33)
Dirac-Pauli(DP)??? γ ?????????? Dirac????????Wolff????
????????? γ ??????Wolff??????????????????????
DP???Wolff(W)?????????????????????
S =
[
I 0
0 iI
]
(1.3.34)
???????DP??????????????? [24, 90]?
HDP =
[
mc2 cp · σ
cp · σ −mc2
]
(1.3.35)
????????????????
S−1HDPS =
[
mc2 icp · σ
−icp · σ −mc2
]
(1.3.36)
????c → γ?mc2 → ∆?p → ℏk ???????????????????????
Wolff???????????????????????????????????? γ ?
????????? [90]?????????Wolff??????????????????
?????????????????????????????????????????
Wolff???????????????????????????????????? γ ?
??????? c???????????????????γ ?????? k · p????
????????????SOC ??????????????????????????
?????????????????????????????Wolff????? σz ??
??????? ↑?↓????? p ̸= 0????????????????? σz ?????
????????? σz ??????????????? SOC?????????????
????Wolff??????????????????????????????????
???????????????????????????????? SOC??????
?? “???”?????????
14 ? 1? ???????????????
W ??????????????????????????????????????
???????????????????????????DP????????????
?? K????????????
ΘDP = γ
1γ3K =
[
iσy 0
0 iσy
]
K (1.3.37)
????????W????????????
ΘW = S−1γ1γ3KS
=
[
iσy 0
0 −iσy
]
K (1.3.38)
????Dirac????????Wolff???????????????????????
???: ΘW/DP2 = −1???? AII ???????????????????????
? [7, 30]?
? 4??????????????????????????????????????
?????????????????????????????????????????
? σz ???????????????????????????????????? [90]?
??????????????????
k ·Σ =
[
k · σ 0
0 k · σ
]
(1.3.39)
???
Σ =
[
σ 0
0 σ
]
(1.3.40)
????????????????????????
ψ1k = |1,k〉 = Nk
2

1
eiφk
−iY
−iY eiφk
 (1.3.41)
ψ2k = |2,k〉 = Nk
2

−e−iφk
1
−iY e−iφk
iY
 (1.3.42)
?????????????????
ψ3k = |3,k〉 = Nk
2

−iY
−iY eiφk
1
eiφk
 (1.3.43)
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ψ4k = |4,k〉 = Nk
2

−iY e−iφk
iY
−e−iφk
1
 (1.3.44)
????????
Y =
γ|k|
Ek +∆
(1.3.45)
??????? kx = |k|cosφk?ky = |k|sinφk ????
1.4 ???????
????????????????????????????????????????
????????????????? 4???????????????????????
????????Elliott-Yafet?? [33,110]?Dyakonov-Perel?? [28]?Bir-Aronov-Pikus
?? (BAP) [15]?????????? [29]??????Elliott-Yafet?????????
?????????????????????????????????????????
?????????Dyakonov-Perel????????????????????????
?????????????????????????????????????????
??BAP??? p????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????? EY ?????????
???
1.4.1 Elliott-Yafet??
????????????????????????????????????????
???????????? (???????????) ????????????????
??????????????????????? σz ????????? ↑? ↓????
?????????????????????????????????????? ↑? ↓
?????????? [33, 110]?
Ψk,↑(r) = an(r) |↑〉+ bn(r) |↓〉 (1.4.1)
Ψk,↓(r) = a∗−k,n(r) |↓〉 − b∗−k,n(r) |↑〉 (1.4.2)
16 ? 1? ???????????????
?????????????????????????????????????????
??? a????? 1????b? 1????????????????????????
???????????????????????????????? τ0 ???????
? τs ??????????????
τ0 ∼ τs
α
(1.4.3)
??? α???????????????????????????????? α ∼ 〈|b|2〉
??????? 〈· · ·〉????????????????????? (1.4.3)? Elliott??
?????? [63, 84]?
17
?2? ??????
???????????????????????????????????????
????????????????????????????????????????
?? [66, 80, 89]????????????????????????? (????? A ?
??)?
σ =
ℏe2
pi
∑
k,k′
ℏ2
m2
kxk
′
x〈GR(k,k′, EF )GA(k,k′, EF )〉imp
GR/A ???/???????????????????????????????????
????????????? [2, 38, 80, 89]?〈· · · 〉imp ?????????????????
?????????????????????????????????????????
??????????????????? SOC????????????????????
HLN???????????
2.1 ??????????????
????????????????????????????????????????
???????????????????????????????????? 2.1.1??
???????????? 2.1.1(a)∼(e)???????????????????????
????????????????????????(a)???????????????
???????????? 0???????????? (c)?(d)?(f)?????????
?????????????????????????????????????????
?? [89]?????? EF τ ≫ 1?????????????????? τ ???????
??????????(e)?????????????????????????????
???????????????????EF τ ≫ 1?????????????????
???? (b)?????????????(b)????????????????????
????????????????????????????????? [51]?
18 ? 2? ??????
??? ???
??????
??? ???
? 2.1.1 ????????????????????????????????????
??????????????????(a)1???????????(b)∼(e)? (a)??
?????????????????????? (b)2??(c)3??(d)∼(e)4?????
??????
1
τk
= 2pi
∑
k′
〈| 〈k′|V (r) |k〉 |2〉impδ(EF − Ek′) (2.1.1)
???????????????????????????Ri ? i ??????????
?????????????????????????????????????????
?????
V (r) =
∑
i,q
u(q)exp(iq · (r −Ri)) (2.1.2)
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???????????????? |k〉? |r〉????????????????????
??????????
〈k′|V (r) |k〉 = 1
Ω
∫
drV (r)ei(k−k
′)·r
=
1
Ω
∫
dr
∑
i,q
u(q)exp(iq · (r −Ri))ei(k−k′)·r
=
1
Ω
∫
dr
∑
i
∫
dq
(2pi)d
u(q)(2pi)dδ(q + k − k′)e−iq·Ri
=
1
Ω
uk′−k
∑
i
ei(k−k
′)·Ri (2.1.3)
???????? d???? Ω???????????????????????????
??????????
〈| 〈k′|V (r) |k〉 |2〉imp = |uk−k′ |2
〈∑
i,j
e(k−k
′)·(Ri−Rj)
〉
imp
(2.1.4)
???????. (2.1.4) ????????? i ̸= j ?????????????????
?????????????????????????? i = j ???????????
???
〈| 〈k′|V (r) |k〉 |2〉imp = n
Ω
|uk−k′ |2 (2.1.5)
????n?????????????????????
1
τk
= 2pi
n
Ω
∑
k′
|uk−k′ |2δ(EF − Ek′) (2.1.6)
????V (r)????????????uk−k′ ???????????u0 ?????
1
τ
= 2pinu20ρ0 (2.1.7)
????ρ0 ???????????????????????????????????
?????????????????????????????????????????
??????
GR/A(k,k′, E) =
〈
k
∣∣∣∣ 1E −H0 − V ± iδ
∣∣∣∣k′〉 (2.1.8)
??????????? GR???????? GA ??????????????????
??????
G
R/A
0 (k,k
′, E) ≡
〈
k
∣∣∣∣ 1E −H0 ± iδ
∣∣∣∣k′〉 = GR/A0 (k, E)δk,k′ (2.1.9)
20 ? 2? ??????
??????? GR/A0 (k, E)?
G
R/A
0 (k, E) =
1
E − Ek ± iδ (2.1.10)
??????????????????????????????????????〈
k
∣∣∣∣ 1E −H0 − V ± iδ
∣∣∣∣k′〉 = 〈k ∣∣∣∣ 1E −H0 ± iδ
∣∣∣∣k′〉
+
∑
k1,k2
〈
k
∣∣∣∣ 1E −H0 ± iδ
∣∣∣∣k1〉 〈k1|V |k2〉〈k2 ∣∣∣∣ 1E −H0 ± iδ
∣∣∣∣k′〉
+
∑
k1,k2,k3,k4
〈
k
∣∣∣∣ 1E −H0 ± iδ
∣∣∣∣k1〉 〈k1|V |k2〉〈k2 ∣∣∣∣ 1E −H0 ± iδ
∣∣∣∣k3〉
× 〈k3|V |k4〉
〈
k4
∣∣∣∣ 1E −H0 ± iδ
∣∣∣∣k′〉
+ · · · (2.1.11)
?????????? 2.1.2?????????
〈GR/A(k,k′, EF )〉imp = GR/A0 (k)δkk′ +GR/A0 (k)
nu20
Ω
∑
k1
G
R/A
0 (k1)G
R/A
0 (k
′)δkk′
+G
R/A
0 (k)
[
nu20
Ω
∑
k1
G
R/A
0 (k1)G
R/A
0 (k
′)
]2
δkk′
+ · · ·
= G
R/A
0 (k)δkk′
[
1− nu
2
0
Ω
∑
k′
G
R/A
0 (k
′)GR/A0 (k)
]−1
(2.1.12)
??????????????????????????
〈GR/A(k,k′, EF )〉imp = δk,k
′
EF − Ek − ΣR/A (2.1.13)
ΣR/A =
nu20
Ω
∑
k′
G
R/A
0 (k
′) (2.1.14)
Σ????????????? (2.1.14)?
1
x± iδ =
P
x
∓ ipiδ(x) (2.1.15)
??????
ΣR/A = ∓ipinu
2
0
Ω
∑
k′
δ(EF − Ek′) = ∓ i
2τ
(2.1.16)
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? ?
?
? ????
? ?
? 2.1.2 ???????????????????????????????????
???????????????????????? (2.1.13)????
?????????? Σ??????????????????????????????
????? (2.1.7) ?????? 2.1.1(e)??????????????????????
?????????????????????????????????????????
???????? (c)?(f)?????????????????????????????
????????? t??????????????????????????? 2.1.1(b)
??????????????????????????? 2.3?????
2.1.1 ????????????
??????????? (SOC)???????????SOC???????????
Hso = λsoσ · [∇V (r)× p] (2.1.17)
22 ? 2? ??????
α
′
α β
? 2.1.3 SOC??????????????????????α?α′?β ???????????
??? σ ???????????? λso ? SOC???????SOC??????1???
?????????????????????????????????????????
2.1.3??????????????????????
〈k′, β|Hso |k, α〉 = −iλsoσβα ·
∫
dre−ik
′·r[∇V (r)×∇]eik·r
= iλsouk′−kσβα · (k′ × k)
∑
i
ei(k−k
′)·Ri
= iλsou0σβα · (k′ × k)
∑
i
ei(k−k
′)·Ri (2.1.18)
?????????????????????????????? uk′−k ????????
?????????? SOC?????????????
1
τso
= 2pinu20ρ0λ
2
so〈[k′ × k]2〉F
(2.1.19)
??????? 〈· · · 〉F ???????????????
〈· · · 〉F = 1
2pi
∫
dθ (2.1.20)
????SOC ??????????????????????????????????
???? τ0 ????????????
1
τ
=
1
τ0
+
1
τso
(2.1.21)
?????????
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vx vx
G
R(k)
G
A(k)
? 2.2.1 ?????????????????
??? ???
? 2.2.2 ??-???????????????: (a) ??????????(b) ???
????????
2.2 ????????
????????????????????????????????? [80, 89]?
〈GR(k,k′, EF )GA(k,k′, EF )〉imp (2.2.1)
? 2.2.2(a) ?????????????????????? 2.2.2(b) ?????????
?????????????????????????????????????????
?????????????????????????????????????????
24 ? 2? ??????
?????????????????? σ ?
σ =
ℏe2
pi
∑
k,k′
ℏ2
m2
kxk
′
x〈GR(k,k′, EF )〉imp〈GA(k,k′, EF )〉imp
=
ℏe2
pi
∑
k
ℏ2
m2
k2xG
R(k, EF )G
A(k, EF )
(2.2.2)
?????????????????
σ =
ne2τ
m
=
e2EF τ
piℏ2
(2.2.3)
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????
2.3 ???????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????? [9]????????????????????????????
??????????????????????????????? 2.3.1???????
???????????????????????????? 1? 2? 3? 4? 5????
????????????????????????????? 5? 4? 3? 2? 1???
?????????????????????????????????????????
????????????????????????????????????????
4???????????????? [1]???????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
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??
??
??
??
??
? 2.3.1 ???????????????????????????????????
???????????????????????
???????????????????????? g ??????????????
g(L) = g0 − galog
(
L
L0
)
?????????? g0 ??????????????? (2.2.3) ??????????
???????????????? L ???????????????????????
g → ∞ ????????????????????????? [1]??????? (2.2.3)
????????????????????????? EF τ ≫ 1???????????
????????????????????????????? EF τ ?????????
?????????????????????????????????????Gorikov
????????? [48]?????????????????????????????
???????????????????????????????????????
???????????? [54]??????????????????????????
????????????????????????????????????????
? [10, 14, 81, 100]?????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????
26 ? 2? ??????
? ? ? ?
? 2.4.1 ???????????????????????
2.4 ?????????
???????????????????????????????????????
?????????????????????????? (? 2.4.1 )?????????
?????????? k + k′ = q ?????????????????????? [68]?
????????????????????????? [48]?????????????
?????????-???????????????????????????????
???????????????????????????????????? 2.4.2??
???????????????????????? Bethe-Salpeter ?????????
Bethe-Salpeter ??????? Γ ?????????????????????????
????????????????????????????????2????????
???????????
? 2.4.2? Bethe-Salpeter?????????????
Γ(q) = γ0 + γ0Π(q)γ0 + γ0Π(q)γ0Π(q)γ0 + · · ·
=
γ0
1− γ0Π(q) (2.4.1)
??? Π?
Π(q) =
∑
k
GR(k)GA(q − k) (2.4.2)
????γ0 ? Bethe-Salpeter?????????????????n???????u0 ?
???????????????
γ0 = nu
2
0 (2.4.3)
?????? q = k + k′ ????Π(q)?????????????????????? q
???????????????
Ek+q = Ek +
k · q
m
+
q2
2m
∼ Ek + vF · q (2.4.4)
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= +
k k’
k’k
k k’
k k’
k k’
k k’
k1
-k1
+
k k’
k’k
k1
+ ?Γ
+ + + ?
k+k’ -k2k+k’ -k1k+k’
k2
k k’k k’ k1 k k’k1 k2
kk’k’ k -k1 kk’k+k’ -k1k+k’ -k2k+k’
+
k k’
k’ k
=
= + + ?
k’k’ k2
kk -k2k+k’
k
k’
?
-k1k+k’
k1 k1
-k1k+k’
= +
Γ
Γ
k k’
k’ k
k k’
k’ k -k1k+k’k’ k
k k’k1
?
?
?+ ?+ ?+
?+ +
?+ ?+ ?+ ?+ ?+
?+ ?+ ?+
?+
?+ ?+?+
?+ ?+
? 2.4.2 Bethe-Salpeter????????????
????????????????????????????????????? (?? A
???)?
ℏk
m
≡ vF (2.4.5)
?????????????????? Π(q)?
Π(q) ∼ 2piρ0τ(1−Dq2τ) (2.4.6)
?????????????? D = 12v2F τ ?????? (2.4.6)?? (2.4.1)??????
28 ? 2? ??????
Γ??????????
Γ(q) =
nu20
Ωτ
1
Dq2
(2.4.7)
Γ?????????????????????
δσ = −e
2ℏ
piΩ
∑
q
∑
k
(
ℏ
m
)2
kxkxG
R(k)GA(k)GR(−k)GA(−k)Γ(q) (2.4.8)
??? Γ(k + k′) ? k + k′ → 0 ?????????????????????????
????? k′ = −k ??????????????????? −k → k ??????
????????????????????????????????????????
k2x ∼ m2v2F /2?????????????k????????????????∑
k
GR(k)2GA(k)2 = 4piρ0τ
3 (2.4.9)
??????? q ??????????? ql ≪ 1??????????????????
?? ℓ????????????? L??????????????????∑
q
Γ(q) =
1
2pi
nu20
Dτ
ln
L
ℓ
(2.4.10)
??????????δσ ??????
δσ = − e
2
pi2ℏ
ln
L
ℓ
(2.4.11)
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????? ℏ???
?????????????????????????????????????????
?????????????????????????????????????????
??????????????? (??????????????????????)???
?????????????????????????????????????????
?????????????????
2.4.1 ????????????????????????
SOC????????????????????????Bethe-Salpeter??????
????????????????????
Γαγβδ(q) = Γ
0
αγβδ +
∑
µν
Γ0αµβνΠ(q)Γµγνδ(q) (2.4.12)
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???????????????? τ ?????????????? τ−1 → τ−10 + τ−1so
????????????????? Π ???? SOC ???????????????
???
Π(q) = 2piτ(1−Dq2τ) (2.4.13)
???
1
τ
=
1
τ0
+
1
τso
(2.4.14)
?????????D = v2F τ/2????????????????SOC????????
?????????????????????????????????? (∝ σx, σy)??
????????? Γ0 ??????????
Γ0α1α3α2α4(q) = xδα1,α3δα2,α4 − yσzα3α1σzα2α4 − z(σxα3α1σxα4α2 + σyα3α1σyα4α2) (2.4.15)
???
x =
ℏ
2piρ0
1
τ0
(2.4.16)
y =
ℏ
2piρ0
1
τso,z
(2.4.17)
z =
ℏ
2piρ0
1
τso,x
(2.4.18)
???
1
τso,µ
= 2pinu20ρ0λ
2
so〈[k′ × k]2µ〉F
(2.4.19)
????? (2.4.12)?????????? Γ??????? (2.4.15)?????σ ???
??????????????????????????????????????
Γα1α3α2α4(q) = ΓAδα1,α3δα2,α4 + ΓBσ
z
α3α1σ
z
α2α4 + ΓC(σ
x
α3α1σ
x
α4α2 + σ
y
α3α1σ
y
α4α2)
(2.4.20)
? (2.4.15)?(2.4.20)?? (2.4.12)??????
∑
α,β
Γαββα =
ℏ
2piρ0
2
τ2
{
− 1
2
1
D0q2
+
1
D0q2 + (
2
τso,z
+ 2τso,x )/[1− ( 2ττso,z + 2ττso,x )]
+
1
2
1
D0q2 +
4
τso,x
/
(
1− 4ττso,x
)} (2.4.21)
30 ? 2? ??????
????????????? SOC????????? (2.4.21)?? (2.4.8)???????
δσ = − e
2
2pi2ℏ
[
log
ℓ−2 + ℓ−2so,z,x
L−2 + ℓ−2so,z,x
− 1
2
log
ℓ−2
L−2
+
1
2
log
ℓ−2 + ℓ−2so,x
L−2 + ℓ−2so,x
]
(2.4.22)
???????
ℓ−2so,z,x =
2
τso,z
+ 2τso,x
D0
{
1−
(
2τ
τso,z
+ 2ττso,x
)} (2.4.23)
ℓ−2so,x =
4
τso,x
D0
{
1− 4ττso,x
} (2.4.24)
?????
? (2.4.22) ???? τ−1so ? 0 ???????????????????????????
????????????????? τ−1so ?????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????? Altrand-Zirnbauer (AZ) ? 10 ??????????????????? [7]?
τ−1so,x,y ??????? SOC ????????????????????? Θ ?????
Θ2 = −1????????? AZ???????? AII (????????????)??
?????? AII?????????????????????????????? 1??
????????????????? Θ2 = −1???????????????????
??????SOC????????? τ−1so,x,y = 0??????????????????
?????? σz ?????????????????????????????????
??? Θ2 = 1???????????? AI (??????)?????????????
? (????????????)???? A (?????)????
2.4.2 ??????????????
???? Bethe-Salpeter ??????? Γ ???????????????????
?????? Γ ????????????????????????????????
??????????????Bethe-Salpeter ???????????????????
?????????????????????????????Γ ?????????
(〈α4| ⊗ 〈α3|)Γˆ(|α1〉 ⊗ |α2〉)????α = {↑, ↓}????? (2.4.20)? ↑?↓??????
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??
Γ =

ΓA + ΓB 0 0 0
0 −2ΓC ΓA − ΓB 0
0 ΓA − ΓB 2ΓC 0
0 0 0 ΓA + ΓB
 (2.4.25)
?????? Γˆ0 ?
Γˆ0 =

x− y 0 0 0
0 −2z x+ y 0
0 x+ y 2z 0
0 0 0 x− y
 (2.4.26)
?????????????????????????????????????????
?? U??????? [91]?U?
U =

1 0 0 0
0 1√
2
1√
2
0
0 1√
2
− 1√
2
0
0 0 0 1
 (2.4.27)
?????? U????? Γ?Γ0 ?????????????????????????
????????????????????
U†ΓU =

Γ1 0 0 0
0 Γ2 0 0
0 0 Γ3 0
0 0 0 Γ4
 (2.4.28)
U†Γ0U =

Γ01 0 0 0
0 Γ02 0 0
0 0 Γ03 0
0 0 0 Γ04
 (2.4.29)
???
Γ1 = ΓA + ΓB (2.4.30)
Γ2 = ΓA − ΓB + 2ΓC (2.4.31)
Γ3 = ΓA − ΓB − 2ΓC (2.4.32)
Γ4 = ΓA + ΓB (2.4.33)
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???
Γ01 = Γ04 =
1
2piρ0
(
1
τ0
− 1
τso,z
)
Γ02 =
1
2piρ0
(
1
τ0
+
1
τso,z
− 2
τso,x
)
Γ03 =
1
2piρ0
(
1
τ0
+
1
τso,z
+
2
τso,x
)
(2.4.34)
?????l = 1, 2, 4?????????l = 3????????Π(q)?????????
Π(r, r′) =
∑
q
Π(q) eiq·(r−r
′) (2.4.35)
??????????? (2.4.12) ?????????????????? Bethe-Salpeter
?????
Γl(r, r′) = Γ0lδ(r − r′) + Γ0l
∫
dr′′Π(r, r′′)Γl(r′′, r′)
∼ Γ0lδ(r − r′) + Γ0l
[
Π(0) +
1
2
∂2Π(q)
∂q2
(i∇)2
]
Γl(r, r′) (2.4.36)
???????????
Γl(r′′, r′) = Γl(r, r′) +∇Γl(r, r′) · (r′′ − r) + 1
2
∇2Γl(r, r′) · (r′′ − r)2 + · · ·
= e(r−r
′′)·∇Γl(r, r′) (2.4.37)
??????????? (2.4.36)? Γ(r, r′)????????
[−D0∇2 + τ−1l ]Γl(r, r′) = δ(r − r′)2piρ0τ2 (2.4.38)
??????? τ−1l ?
τ−11 = τ
−1
4 =
2
τso,z
+ 2τso,x
1− 2ττso,z − 2ττso,x
,
τ−12 =
4
τso,x
1− 4ττso,x
, τ−13 = 0 (2.4.39)
?????Γ(r, r′)????????????????????????????????
????????? Dq2 + τ−1l ??????-?????????????? “??” ??
?????????????????????????????????????????
?????????????????????????????????????????
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??????????????????? Γ?????????????????????
????? [2]??????????????????????????????????
????????????????????????-????????????????
(GRGA)????????????????????????????? Γ???????
? [6]?
? τ−1l ?? (2.4.38)????????????????????????????????
????????? SOC?????????????????????????????
???????????? τ−1l ?? 2.4.1????????????1−2τ/τso,z−2τ/τso,x?
1 − 4τ/τso,x ? τ−1so ? τ−10 ????????????1??????????HLN???
????????????????????????????????????????
τ−1so ? τ−10 ??????????????
2.5 ???????????????
????????????????????????????????????????
??????????? k→ k− eA???????Γ(q)??????? q = k+ k′ ??
??? q → q − 2eA??????????????? (2.4.38)?
[
D0(−i∇− 2eA)2 + τ−1l
]
Γl(r, r′) =
δ(r − r′)
2piρ0τ2
(2.5.1)
????????????????????????????? D0(−i∇ − 2eA)2 →
4eD0H
cℏ (n + 1/2)?????????????????????????????????
????-??????????????? [8, 70,106]?????
???????????????????????????????????????
δσ(B) = − e
2
2pi2ℏ
[
α1
{
Ψ
(
1
2
+
ℓ2B
ℓ20
+
ℓ2B
ℓ2so
+
ℓ2B
ℓ2φ
)
−Ψ
(
1
2
+
4
3
ℓ2B
ℓ2so
+
ℓ2B
ℓ2φ
)}
+ α2
{
Ψ
(
1
2
+
ℓ2B
ℓ2φ
+
ℓ2B
ℓ2so
+
ℓ2B
ℓ2φ
)
−Ψ
(
1
2
+
ℓ2B
ℓ2φ
)}]
(2.5.2)
??????? ℓφ ??????????????????????????? ℓB =√
ℏ/4eB ?????ℓso ???????? ℓso =
√
D0τso ????Ψ(z)?????????
??????????????
Ψ(z) = −γ −
( ∞∑
n=0
1
n+ z
− 1
n+ 1
)
(2.5.3)
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γ = 0.577216 · · · ???????????α1 = 3/2?α2 = 1/2????SOC??????
?? ∆σ(B) > 0????????????SOC???????? ∆σ(B) < 0?????
??????????????????????????????????: ??????
?????????????????????????????????????????
??????? [64]????????????????????????????????
????????????????????????? 3???????????????
?????????? HLN ????????????????????????????
???????? SOC????????????????????????????? (?
?????????????????? SOC??????????)??????????
?????????????????????????????????????????
???????????? α?????????? HLN???????????????
?????????????? α??????????????????????????
Si-MOS???????????????? α?????? [42]????????????
??????????????????? [11, 19]?HLN?????????????? α
2.6 ??????????????? 35
????????????????????? [3, 5, 12, 20, 22, 62]???????????
???????????????????
2.6 ???????????????
??????? HLN ???????????HLN ?????????????(i) ?
???????????? (ii)1 ????1 ??????????? SOC ?? (iii) ?
???????????????????????????????????????
???????????? SOC [25]??????????? SOC [17] ???????
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?3? ????????????
????????
3.1 ????
??????????????????? SOC ????????????????
(WAL)?????????? Hikami-Larkin-Nagaoka (HLN)?????????? [54]?
??????? HLN???????????????????????????????
????????????????HLN?????????????????? SOC??
????????????????????????? Cu???? Au????????
???????? (?. 3.1.1(a))??????????“?? SOC?”?????????
??
???? HLN??????????????????????????????????
????????????????? [12, 22, 49, 87]?????????????????
???????????????????????? SOC???????????????
SOC?????????? Bi??????????? (?. 3.1.1(b))???? “SOC??”
????????????????? SOC????????????HLN??? SOC?
????? SOC?????????????????????????? SOC?????
?????? [3, 12, 19, 22]???? HLN??? SOC????????????????
????????????????SOC??????????????: (i) ?? SOC?
???? SOC????? SOC????WAL?????(ii)?? SOC????????
??????WL?????????????????????????????????
?????????????????????????????????????????
?????????????? [97, 99]?
???????? SOC??????????WAL????????????????
?????????????????????? SOC????????????????
?Wolff????????????Wolff??????????????????????
40 ? 3? ????????????????????
Cu film  Bi film
Au Non SOC impurity
(a)??Dilute SOC (b)??SOC lattice
? 3.1.1 ?? SOC?? SOC????????(a)?? SOC??(b)SOC????????
??????????? [21, 47, 108]??????????-??????????????
?????????????????????????????????????SOC ?
?????????????????????????????WAL-WL???????
????????????WAL ???????? SOC ?? SOC ??????????
?????????? SOC????????????????????????????
SOC?????????????HLN????WAL????????????????
???????????????????????? SOC??????????????
????????????????WAL??????????????????????
WAL ?? SOC ?????????????????????????????????
??????????? Bi-Sb???????? PbTe???????????????
3.2 ?????????????
Wolff ???????? SOC ????????????? SOC ??????????
?????????????????????????????????????????
?????????????????Wolff?????????????? 4× 4????
?????
HW = H0 + V (r) (3.2.1)
H0 =
[
∆ iℏγσ · k
−iℏγσ · k −∆
]
(3.2.2)
ℏ??????????k = (kx, ky)????????2∆?????????γ ????σ
??????????Wolff ??????????? (|c ↑〉 , |c ↓〉 , |v ↑〉 , |v ↓〉) ?????
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?? c/v ↑?c/v ↓? k = 0??????????????????? ( ???? ↑?↓??
?????????????????????????????????????????
?????? )???????????????????
V (r) = u0
∑
i
δ(r −Ri) (3.2.3)
????V (r)??????????????????????????????????
??? SOC??????????????????????????u0 ???????Ri
? i?????????????????????????????????????
ℏ
2τ
= pi
∑
k′
〈| 〈i,k|V (r) |i,k′〉 |2〉imp δ(EF − Ek′)
= piρ0niu
2
0
λ2 + 1
2λ2
(3.2.4)
?????????????? |i,k〉 ?? (1.3.29)-(1.3.32) ?????λ = EF /∆ ???
??ρ0 ??????ni ???????????????????? EF > 0 ??????
?????????????????????????????????????????
??? 〈1,k|V (r) |2,k′〉 = 〈1,k|V (r) |3,k′〉 = 0???????????? 1?? 4??
????? 〈1,k|V (r) |4,k′〉 ̸= 0?????????????????(EF τ ≫ 1)???
????????????????????????? (EF τ)−1 ???????????
????????????????
????????????? δσW(L)??????? [32, 43,71]?
δσW =
ℏe2
pi
∑
q
Γ(q)
∑
k
vxkv
x
q−kG
R
kG
A
kG
R
q−kG
A
q−k
(3.2.5)
???W?Wolff????GR/A????????GR/A = (EF −Ek± iℏ/2τ)−1????
Γ(q)???-??????????????????????????????vk?????
???????????????????vk = 〈1,k|∂H0/∂k|1,k〉 = γ
√
E2k −∆2/Ekcosφk
???????Γ(q)???? Bethe-Salpeter????????
Γ(q)kk′ = Γ
0
kk′ +
∑
k′′
Γ0kk′′G
R
k′′G
A
q−k′′Γ(q)k′′k′ (3.2.6)
Γ0 ??????????
Γ0kk′ = 〈〈i,k′|V (r) |i,k〉 〈i,−k|′ V (r) |i,−k〉〉imp
=
1
2piρ0τ
[
γ0 + γ1e
i(φ−φ′) + γ2e2i(φ−φ
′)
]
(3.2.7)
42 ? 3? ????????????????????
= +
Γ
Γ
i,k i,k’
i,q-k’i,q-k
i,k i,k’
i,q-k i,q-k’
i,k i,k’
i,q-k i,q-k’
i,k’’
i,q-k’’
i,k
i,k i,q-k
i,q-k
Γ
(a)
(b)
? 3.2.1 ???????(a)????????????????(b)Bethe-Salpeter????
?????????????????????????????????????????
????
γ0 =
1
1 +X4kF
, γ1 =
2X2kF
1 +X4kF
,
γ2 =
X4kF
1 +X4kF
, XkF =
√
E2F −∆2
∆+ EF
(3.2.8)
Nk = Nk′ = NkF , Xk = Xk′ = XkF (3.2.9)
?????
Γ(q) ? Γ 〈〈1,k′|V (r) |4,k〉 〈1,−k|′ V (r) |1,−k〉〉imp ???????????????
?????????????δσ ?????????????
ρ0
∫
dEk 〈4,−k| GˆR |4,−k〉 〈1,k| GˆR |1,k〉 〈1,k| GˆA |1,k〉 〈1,−k| GˆA |1,−k〉 = ρ0piiτ
2
EF
(3.2.10)
3.2 ????????????? 43
Γ
11
1 2
??? ???? ?????
????
Γ
1
1 1
Γ
21
1 2
Γ
21
1 1
?????
Γ
2
1 2
??????
Γ
11
1
2
???
Γ
1
1 1
????
Γ
3 or 41
1 3 or 4
3 or 4
3 or 4
2
???
Γ
12
1 2
????
Γ
22
1 1
????
Γ
3 or 4
1 1
1
?????
Γ
13 or 4
1 3 or 4
??????
Γ
3 or 43 or 4
1 1
?????
Γ
3 or 43 or 4
1 3 or 4
? 3.2.2 ???????????????????1 ∼ 4 ?????????? |i,k〉
? i ????(i)∼(iii)?(v)∼(vii) ???????????????(iv)Bethe-Salpeter
?????????????? (? (3.2.7))?????????(viii)∼(xiv)?????
???????????????1? 2???????????????
44 ? 3? ????????????????????
???????????????????????????
ρ0
∫
dEk 〈1,−k| GˆR |1,−k〉 〈1,k| GˆR |1,k〉 〈1,k| GˆA |1,k〉 〈1,−k| GˆA |1,−k〉 = 4piρ0τ3
(3.2.11)
???? (EF τ)−1 ?????????????????
ρ0
∫
dEk 〈1,−k| GˆR |1,−k〉 〈1,k| GˆR |1,k〉 〈4,k| GˆA |4,k〉 〈1,−k| GˆA |1,−k〉 = −ρ0piiτ
2
EF
ρ0
∫
dEk 〈1,−k| GˆR |1,−k〉 〈1,k| GˆR |1,k〉 〈1,k| GˆA |1,k〉 〈4,−k| GˆA |4,−k〉 = −ρ0piiτ
2
EF
ρ0
∫
dEk 〈4,−k| GˆR |4,−k〉 〈1,k| GˆR |1,k〉 〈1,k| GˆA |1,k〉 〈4,−k| GˆA |4,−k〉 = ρ0piτ
E2F
ρ0
∫
dEk 〈4,−k| GˆR |4,−k〉 〈1,k| GˆR |1,k〉 〈4,k| GˆA |4,k〉 〈1,−k| GˆA |1,−k〉 = ρ0piτ
E2F
ρ0
∫
dEk 〈1,−k| GˆR |1,−k〉 〈1,k| GˆR |1,k〉 〈4,k| GˆA |4,k〉 〈4,−k| GˆA |4,−k〉 = ρ0piτ
E2F
ρ0
∫
dEk 〈4,−k| GˆR |4,−k〉 〈1,k| GˆR |1,k〉 〈4,k| GˆA |4,k〉 〈4,−k| GˆA |4,−k〉 = ρ0piiτ
2
EF
(3.2.12)
?????????????????????? 〈1,k|vˆ|2,k〉 = 0???????????
?? |1,k〉?|2,k〉??????????????? 3.2.2???????????????
?????????????????????????????????????????
???????????? [76, 93]???????????????Bethe-Salpeter???
?????????????????????????????????????????
????????????? 4???????
Bethe-Salpeter??? (3.2.6)????? (3.2.7)???? ei(nφ−mφ′) ????????
??????????????????????? [76, 93]?
Γkk′ =
1
2piρ0τ
∑
n,m
Γnme
i(nφ−mφ′), (3.2.13)
Γ0kk′ =
1
2piρ0τ
∑
n,m
Γ0nme
i(nφ−mφ′). (3.2.14)
Ek ??? ∫
dEkG
R(k′′)GA(q − k′′) = 2piτ
1 + iτv′′F · q
(3.2.15)
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????
Γnm = Γ
0
nm +
∑
n′m′
〈
ei(n
′−m′)φ′′
1 + iτv′′F · q
〉
F
Γ0nm′Γn′m (3.2.16)
Πm′n′ =
〈
ei(n
′−m′)φ′′
1 + iτv′′F · q
〉
F
(3.2.17)
?????
Γˆ = Γˆ0 + Γˆ0ΠˆΓˆ (3.2.18)
???????????????? 〈· · · 〉F ????????????????????
Γˆ0 =
 γ0 0 00 γ1 0
0 0 γ2
 , (3.2.19)
Πˆ =
 1− 12Q2 − i2Q+ − 14Q2+− i2Q− 1− 12Q2 − i2Q+
− 14Q2− − i2Q− 1− 12Q2
 (3.2.20)
????
Q+ = Qx + iQy, Q− = Qx − iQy (3.2.21)
Qx = |vF |cosφ′′qx, Qy = |vF |sinφ′′qy (3.2.22)
?????Γnm ???????
Γ00 =
αt
(ℓ−2t + q2)
(3.2.23)
Γ11 =
αs
(ℓ−2s + q2)
(3.2.24)
??? ℓ−2t = (λ− 1)2/(λ+1)2αtℓ−20 ?ℓ−2s = 2/(λ2− 1)αsℓ−20 ?????ℓ0 =
√
D0τ ??
??????D0 = v2F τ/2 ??????vF = γ
√
E2F −∆2/EF ???????????αt
? αs ??????????????????????????????????????
????
αt =
4
λ2 + 3
, αs = − (λ
2 − 1)2
2(λ2 + 1)2
. (3.2.25)
46 ? 3? ????????????????????
????Γ22 ???????????????????? Γnm ??????? q ????
????????????????????????????
Γ(q) =
ℏ
2piρ0τ
(Γ00 − Γ11) (3.2.26)
????
Γnm ? Γ(q)kαkβ ????????????????????????q → 0?????
(〈kβ | ⊗ 〈−kβ |)Γ(|kα〉 ⊗ |−kα〉)???????????Γ00 ∝ 〈T|Γ |T〉? Γ11 ∝ 〈S|Γ |S〉
???????????????? |T〉 = |c ↑〉 ⊗ |c ↑〉 ????????????|S〉 =
1√
2
(|c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉)????????????????????????? |c〉
? |c〉???? |v〉? |v〉????????????????????? |c〉? |v〉????
????????Γ22 ????????????? (|v ↓〉 ⊗ |v ↓〉)???????????
?? 1√
2
(|c ↑〉 ⊗ |c ↓〉 − |c ↓〉 ⊗ |c ↑〉)????????? 1√
2
(|c ↑〉 ⊗ |c ↓〉+ |c ↓〉 ⊗ |c ↑〉)?
??????????????????? kz = 0 ? HLN ??????????????
??????????????????????? Γ(q)kk′ ? |q| ≪ |kF |???????
??q ????????(??? k′ = q− k????) ???? Γ(q)kk′ ? k? k′ ????
?????Γ(q)kk′ ∼ Γ(q)??????????????????????? (3.2.5)??
δσW(L) = −e
2ℏ
pi
∑
q
Γ(q)γ2
E2F −∆2
E2F
〈cos2φ〉F ρ0
∫
dEkG
R(k)GR(−k)GA(k)GA(−k)
= − e
2
2pi2ℏ
(
αtlog
ℓ−2t + ℓ
−2
0
ℓ−2t + L−2
+ αslog
ℓ−2s + ℓ
−2
0
ℓ−2s + L−2
)
(3.2.27)
????L????????????????????????????????????
?????????????????????????????????
δσW(B) = − e
2
2pi2ℏ
∑
i=t,s
αi
[
Ψ
(
1
2
+
ℓ2B
ℓ20
+
ℓ2B
ℓ2i
)
−Ψ
(
1
2
+
ℓ2B
ℓ2φ
+
ℓ2B
ℓ2i
)]
(3.2.28)
????ℓφ ????????????????????? ℓB =
√
ℏ/4eB ??????
3.2.3 ????????????????????EF/∆ ∼ 1???????????EF/∆
??????????????????B → 0????????????????????
? (3.2.28)?
δσW(0) ∼ − e
2
2pi2ℏ
∑
i=t,s
αilog
ℓ−20 + ℓ
−2
i
ℓ−2φ + ℓ
−2
i
(3.2.29)
????δσW(0)? δσW(L)???? L → ℓφ ?????????????EF ?????
?WL??WAL????????????????????????? (αt)?????
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2.5
2.0
1.5
1.0
0.5
0.0
-0.5
1.00.50.0-0.5-1.0
 0
2/ B2
=1.01
2.0
4.0
6.0
8.0
10.0
∆
σ
W
(B
) EF /∆
? 3.2.3 ∆σW(B)???????∆σ(B) = [δσ(B)− δσ(0)]/(e2/2pi2ℏ)????λ?
???????????????ℓ0/ℓφ =0.1????
??? (αs) ??????????????????? 3.2.4 ? αt ? −αs ????? EF
???????????EF ≲ Ec ??? αt ? −αs ?????????????????
?????????????WL???????? EF ≳ Ec ??? αs ? −αt ?????
?????????WAL ?????????? HLN ????????????? SOC
?????WAL?????????????????
48 ? 3? ????????????????????
0.8
0.6
0.4
0.2
108642
α
t
,
−
α
s
−αs
αt
EF /∆
? 3.2.4 αt ? −αs ? λ = EF /∆???.
3.3 WAL?????? σW? σHLN???
τ−1so,x = τ
−1
so,y ̸= 0 ??????HLN ??????????? σHLN ????????
???
δσHLN(B) = − e
2
2pi2ℏ
[
αH,1
{
Ψ
(
1
2
+
ℓ2B
ℓ20
+
ℓ2B
ℓ2so
+
ℓ2B
ℓ2φ
)
−Ψ
(
1
2
+
4
3
ℓ2B
ℓ2so
+
ℓ2B
ℓ2φ
)}
+ αH,2
{
Ψ
(
1
2
+
ℓ2B
ℓ2φ
+
ℓ2B
ℓ2so
+
ℓ2B
ℓ2φ
)
−Ψ
(
1
2
+
ℓ2B
ℓ2φ
)}]
(3.3.1)
??? ℓso ? τ−1so ≪ τ−10 ????
ℓ−2so =
1
τso
D0
(
1− 4τ3τso
) ∼ 1
D0τso
(3.3.2)
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-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
1.00.80.60.40.20.0
 0
2/ B2
 0
2/ so2=1/9
 0
2/ so2=1/16
 0
2/ so2=1/1
=5
=10
=100
 Wolff
 HLN
 
EF /∆
EF /∆
EF /∆
∆
σ
(B
)
? 3.3.1 ?????????? δσ(B) − δσ(0) ???????∆σ(B) = [δσ(B) −
δσ(0)]/(e2/2pi2ℏ) ??????? δσW???? δσHLN ??? δσW?δσHLN ????
ℓ0/ℓφ ??????????????ℓ20/ℓ2φ =0.01????
??????????????????? αH,1 = 3/2???????????????
αH,2 = −1/2???????WAL??????? 3.3.1 ? δσW ? δσHLN ???????
???????WAL?????? HLN????? δσW ???????????????
? Γ ?????????????????????HLN ?? (3.3.1) ?????????
????????????????????????? [54]?HLN??????????
?? Γ??????????????????????????????????????
????????????????????
δσW(B) ???????????????????????????????????
?????????δσW(B) ??????????????????????ℓφ ≫ ℓt ≫
ℓB ≫ ℓs ?????
δσW(B) ∼ − e
2
2pi2ℏ
(
αtlog
ℓ2B
ℓ20
+ αslog
ℓ−20 + ℓ
−2
s
ℓ−2s
)
(3.3.3)
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/
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1.51.41.31.21.11.0
ComplexReal
 t
 so
EF /∆
? 3.4.1 δσW ? δσW′ ????????????? ℓt ? ℓso ? λ = EF/∆????ℓso
? EF /∆ = 1 + 2
√
2?????????????
ℓφ ≫ ℓs ≫ ℓB ≫ ℓt ?????
δσW(B) ∼ − e
2
2pi2ℏ
(
αtlog
ℓ−20 + ℓ
−2
t
ℓ−2t
+ αslog
ℓ2B
ℓ20
)
(3.3.4)
????????? ℓφ ≫ ℓi ≫ ℓB ??????
δσW(B) ∼ − e
2
2pi2ℏ
∑
i=t,s
αilog
ℓ2B
ℓ20
(3.3.5)
????WL?????? αt > αs ??????WAL?????? ℓφ ≫ ℓs ≫ ℓB ≫ ℓt
???????????????? λ? 2.92 < λ < 3.05???????????????
?? αt + αs ? HLN ???? αH,1 + αH,2 = 1 ???????????????? ℓ−2t ?
ℓ−2s ?????????????????????????????
3.4 WL?????? σW? σHLN???
? 3.2? SOC?????WL?WAL????????????????? SOC??
???????WAL ??????????????????????????????
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2.5
2.0
1.5
1.0
0.5
0.0
D
s
 
(B
)
0.01 0.1 1
 l0
2/lB2
   DsW (B) 
  DsW' (B) 
EF/D=1.01
? 3.4.2 ????????? δσ(B) − δσ(0) ???????∆σ(B) = [δσ(B) −
δσ(0)]/(e2/2pi2ℏ)??????? δσW???? δσW′ ??? δσW?δσW′ ???? ℓ0/ℓφ
??????????????ℓ20/ℓ2φ =0.01 ????δσW′ ???? ℓ20/ℓ2so = 1/10000
????
??? SOC ???????WL ???????????????WL ????????
??????????WAL ???????????????WL ??????? EF ?
????????????????? EF ∼ ∆ ??????????????????
? Foldy-Wouthuysen (FW) ??????????4 × 4 ??????????????
2 × 2 ??????????????????????????????????? [39]?
? (3.2.1)? (γ2/∆)2 ???????? FW?????????HW ??????????
HW = β∆+ E +O (3.4.1)
??? β?E?O ?
β =
[
I 0
0 −I
]
(3.4.2)
E = V (x), O = γα · k
[
0 iγσ · k
−iγσ · k 0
]
, (3.4.3)
52 ? 3? ????????????????????
????α?
α =
[
0 iσ
−iσ 0
]
(3.4.4)
????βO = −Oβ?EO = OE ????????????????????HW ? iS ?
????????????????????H′W ?????
H′W = eiSHWe−iS (3.4.5)
??? iS = βO/(2∆)????????? Campbell-Baker-Hausdorff?????
eiSHWe−iS = HW + [iS,HW] + 1
2!
[iS, [iS,HW]] · · · (3.4.6)
?????????? O ? 4????????
H′W = β
(
∆+
O2
2∆
− O
4
8∆3
)
+ E − 1
8∆2
[O, [O, E ]]
+
β
2∆
[O, E ]− O
3
3∆2
(3.4.7)
O ??????????? E ???????????????????????
E ′ = βO
2
2∆
− β O
4
8∆3
+ E − 1
8∆2
[O, [O, E ]] (3.4.8)
?? O ????????????????????
O′ = β
2∆
[O, E ]− O
3
3∆2
(3.4.9)
????????? (3.4.7)?
H′W = β∆+ E ′ +O′ (3.4.10)
????????????????????
H′′W = β∆+ E ′ +
β
2∆
[O′, E ′] (3.4.11)
????? O′ ????????????????????
O′′ = β
2∆
[O′, E ′] (3.4.12)
??????????????????????????????????????
H′′W = β∆+
γ2k2
2∆
− βγ
4k4
8∆3
+ V (x)
+
γ
8∆2
∇2V (x) + γ
2
4∆2
σ · (∇V × k) (3.4.13)
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??????????????? 3????????????? 5?????????? 6
?? SOC???????H′W ? HLN????????????????? 3??? 4?
???????????????????H′W ?????HLN????????????
??????? δσW′ ???????????????????????????????
?????????????
ℏ
2τso
= piniu
2
0ρ0
(λ− 1)2
8
(3.4.14)
ρ0 ?????? ρ0 = V∆/piℏ2γ2 ????????????????????????
k,k′ ???????????????????? EF /∆ = λ ????????????
????????????????? k ? kz = 0 ?????????? (2.4.19) ??
τ−1so,x = τ
−1
so,y = 0????ℏ/2τso = ℏ/2τso,z ????τ−1so,x = τ−1so,y = 0????δσW′ ??
????????δσW′ ??????????
δσW′ = − e
2
2pi2ℏ
α1log
ℓ−2so + ℓ
−2
0
ℓ−2so + L−2
(3.4.15)
???????
ℓ−2so =
2
τso,z
D0
(
1− 2ττso,z
) (3.4.16)
??????? ℓso ????????????? ℓso =
√
D0τso ????????????
????SOC?????????????WAL??????????????? SOC?
???????????????????? 3????????????????????
????????????????????????WAL???????? SOC???
????????????????????????????WAL ?????SOC ??
??? σ · k ???????????????????????????????????
???????????? SOC??????????????????????????
???????????????????????????WAL?????? 2? Γ??
?????????????
ℓt ↔ ℓso ?????????????????? δσW′ ? δσW ???????????
??????????? 3.4.1? ℓso ? ℓt ? λ?????????????EF ?????
???????? ℓso ? ℓt ????????????ℓ−2t /ℓ−20 ? λ = 1?????????
ℓ−2t
ℓ−20
=
1
4
(λ− 1)2 +O((λ− 1)3) (3.4.17)
54 ? 3? ????????????????????
? 2 HLN (?? SOC?)?Wolff (SOC???)? Γ????
??? ???
HLN |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉? |c ↑〉 ⊗ |c ↓〉 − |c ↓〉 ⊗ |c ↑〉
(?? SOC??kz ̸= 0) |c ↑〉 ⊗ |c ↓〉+ |c ↓〉 ⊗ |c ↑〉
HLN |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉? ??
(?? SOC??kz = 0)
Wolff |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉 |c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉?
(SOC????kz = 0) |c ↓〉 ⊗ |v ↑〉 − |v ↑〉 ⊗ |c ↓〉
????ℓ−2so /ℓ−20 ? λ = 1?????????
ℓ−2so
ℓ−20
=
1
4
(λ− 1)2 +O((λ− 1)4) (3.4.18)
????????? O((λ − 1)2) ???? (ℓso/ℓ0)−2 ? (ℓt/ℓ0)−2 ??????ℓso/ℓ0 ?
EF/∆ = 1 + 2
√
2 ???????????????????????? σW′ ?? τso ?
?????????????????? ℓt/ℓ0 ? λ ?????????????????
?????????λ → 1 ??????δσW ????? αt = 1?αs = 0 ??????
(ℓt/ℓ0)
−2 = (ℓso/ℓ0)−2 = 0 ????? 3.4.2 ? δσW ? δσW′ ????????????
??λ→ 1?????δσW ? δσW′ ????????????
3.5 Bi1−xSbx ? PbTe????WL-WAL???
????
?????????????????????Bi ????????????? SOC ?
?????????? SOC???????????Bi? BZ? L???????????
??????????Wolff ???????????????????????Bi ???
????? ∆ = 7.7meV????????? µ ? µ = 35.3meV???? µ/∆ = 4.6 ??
? [46, 96, 113]???????Bi?????WAL??????????????????
?????????????? [3, 65]?Bi ??????WAL ?????? HLN ???
???? SOC ?????????????????????????? δσHLN ????
??????????????????????? δσ(B)???????????? SOC
???????????????????Bi? Sb????????? µ/∆??????
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? 3.5.1 Bi????? (?? [74]????)?
?????? [47, 105]?µ??? ∆? Sb???? x ????? µ(x) = 4.6− 4.6x/0.09?
±∆(x) = 1−x/0.04?????? [46]?? 3.5.2(a)? µ(x)?∆(x)? Sb???? x ??
?????? 3.5.2(b)?WL??WAL???????????????????????
µ/∆ ∼3?WL?WAL???????Bi1−xSbx ???? x ∼ 0.06?WL??????
????????????????? 3.3× 1014m−2 ?????????????????
γ2/∆ = 2.6 × 10−3me ????????? [47, 114]?me ????????????3 ?
?? SOC????????????????????????WL-WAL???????
??????????????? [40]??????? SOC????WL-WAL?????
???????????????????????????????? µ/∆??????
???????????????????????? SOC ??????????? PbTe
??? [4,23,52,60]?PbTe?????????????????????????????
?????????????? [67, 101, 109]?? 3.5 ? PbTe ????????? L ??
??????????????????? [101]?????????? GW???????
???????????????????? 3.4GPa??????????PbTe????
56 ? 3? ????????????????????
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1.00.50.0-0.5-1.0
B(T)
=2.5 (x=0.062)
3.0 (0.060)
3.5 (0.058)
4.0 (0.057)
∆
σ
W
(B
)
EF /∆
(a)
(b)
? 3.5.2 (a) Bi1−xSbx ???????????? µ(x) ? ∆(x) ? Sb ???? x ?
???(?? [46] ??????????? (b)→ (a) ?????????) (b) δσ(B) −
δσ(0)???????∆σ(B) = [δσ(B)−δσ(0)]/(e2/2pi2ℏ)????λ???Bi1−xSbx
???? Sb ???? x ????????????????ℓ0 =10nm?ℓφ =200nm ?
???
??????? 6.0GPa???? [18]????????????????????????
?????????????????????????????????PbTe?????
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? 3.5.3 PbTe ????????? L ??????????? (?? [101] ????)?
BZ ? L-W ???L-Γ ??????????????????????????? V0
??????? V = 0.96V0 ??????????????? L+6?L−6 ??????
????????????????????????????? V = 0.926V0 ???
???????????????????????????? 3.4GPa????????
V = 0.91V0 ????????????????? L−6 ?L+6 ????????????
?????????????????????????????????????
????WL-WAL?????????????????
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?4? ????????????
??????????
4.1 ????
??? SOC?????????? “SOC???”?????????????????
??????????????? HLN?????????? [53]?
????????????????????????????????????????
Bethe-Salpeter??????????????????????????????????
???????? SOC??????? HLN?????? |↑, ↑〉?|↑, ↓〉?|↓, ↑〉?|↓, ↓〉? 4
???????????????????????? 4????????????????
?????????SOC ?????????????????????????????
?? |c ↑〉?|c ↓〉?|v ↑〉?|v ↓〉? 4?????????????????????????
????? 16 ????????????????? 3 ???? SOC ?????????
???????????????????????????????????? 2????
?????????????????????????????????????????
????????????????
???????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
??HLN ????????? HLN ????????????????????????
?????? HLN???????????? 2???????????????????
????????????????????????Wolff??????????????
m,n,m′, n′ ???????????????????????????????????
60 ? 4? ??????????????????????
4.2 ??????????
??????????? 3?????? (3.2.1)??????????????????
????? (1.3.39)???????? (1.3.41)-(1.3.44)????????????????
??????????????????????
〈1,k|V (r) |1,k′〉 = u0N
2
2
∑
i
[
(1 + Y 2) + (1 + Y 2)ei(φk′−φk)
]
ei(k
′−k)·Ri (4.2.1)
?????????????
〈1,k|V (r) |2,k′〉 = u0N
2
2
∑
i
[
(1− Y 2) + (1− Y 2)ei(φk′−φk)
]
ei(k
′−k)·Ri (4.2.2)
???????????
〈1,k|V (r) |4,k′〉 = u0N
2
2
∑
i
N2(2iY eiφk − 2iY e−iφ′k)ei(k′−k)·Ri (4.2.3)
??????????????????????????????????
1
τ
=
1
τ0
+
1
τsf
+
1
τI
= 2pi
∑
k,α
〈| 〈1,k|V (r) |α,k′〉 |2〉imp δ(Ek − EF)
= 2pinu20ρ0N
4(1− Y 2)2 (4.2.4)
????n???????ρ0 ? 1??????????????????1/τ0?1/τIntra,sf?
1/τInter,sf ????????????????????????????????????
?????
1
τ0
= 2pi
∑
k
〈| 〈1,k|V (r) |1,k′〉 |2〉imp δ(Ek − EF)
= 2pinu20ρ0N
4
[
1
2
(1 + Y 2)2
]
(4.2.5)
1
τIntra,sf
= 2pi
∑
k
〈| 〈1,k|V (r) |2,k′〉 |2〉imp δ(Ek − EF)
= 2pinu20ρ0N
4
[
1
2
(1− Y 2)2
]
(4.2.6)
1
τInter,sf
= 2pi
∑
k
〈| 〈1,k|V (r) |4,k′〉 |2〉imp δ(Ek − EF)
= 2pinu20N
4ρ02Y
2 (4.2.7)
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0.8
0.6
0.4
0.2
0.0
τ f
re
e/τ
108642
EF/∆
1/τ0
1/τI
1/τs
? 4.2.1 1/τ ? λ = EF /∆????1/τfree = 2piρ0nu20 ?????1/τ0 ??????
???1/τIntra,sf ?????????????1/τInter,sf ??????????????
???
?????. 4.2.1? 1/τ ? λ = EF /∆???????????λ???????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????
4.3 ????????
????????????????????????????????????????
???????????????
vˆx =
∂H0
∂kx
=
[
0 iγσx
−iγσx 0
]
(4.3.1)
62 ? 4? ??????????????????????
+= ? +
β’
α’
β
α
α
β
β
α
? 4.3.1 ??????????????????? (4.3.4)??????α?β ????
???????????????
?????????????????????????
〈1,k| vˆx |1,k〉 = 〈2,k| vˆx |2,k〉 = 2N2γY cosφk (4.3.2)
〈1,k| vˆx |2,k〉 = 0 (4.3.3)
?????????????????????? v˜x ?????????????
v˜xβα = v
x
βα +
∑
k′
GAα′(k
′)GRβ′(k
′)〈〈β,k|V (r) |β′,k′〉 〈α′,k′|V (r) |α,k〉〉impv˜xβ′α′
= vxβα + nu
2
0
∑
k′
GAα′(k
′)GRβ′(k
′) 〈β,k|β′,k′〉 〈α′,k′|α,k〉 v˜xβ′α′ (4.3.4)
????Gα ????????????????????
GR/Aα =
1
EF − Eα ± i/2τ (4.3.5)
E1 = E2 = Ek?E3 = E4 = −Ek ????????????????????????
???????????????? v˜xβα ? k′ ??????????|k′|????????
????〈β,k|β′,k′〉??????????????????? |k′|??? GAα′(k′)GRβ′(k′)
??????????????????????????????∑
k
→
〈
ρ0
∫
dEk
〉
F
(4.3.6)
?? (α′,β′)???????????????? Ek′ ????????????
(α′, β′) = (1, 1)???
ρ0
∫
dEk′
1
EF − Ek′ − i2τ
1
EF − Ek′ + i2τ
= 2piρ0τ (4.3.7)
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(α′, β′) = (1, 2)???? (α′, β′) = (1, 1)????????
(α′, β′) = (1, 3)???
ρ0
∫
dEk′
1
EF − Ek′ − i2τ
1
EF + Ek′ +
i
2τ
= 0 (4.3.8)
(α′, β′) = (1, 4)???? (α′, β′) = (1, 3)????????
?? (α′, β′) = (2, 2)?(α′, β′) = (3, 3)?(α′, β′) = (4, 4)???? (α′, β′) = (1, 1)????
????? (4.3.4)???? (α, β) = (1, 1)?????? α′ ??????????????
v˜x11 = v
x
11 + nu
2
0
∑
k′
[
GA1 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈1,k′|1,k〉 v˜xβ′1
+GA2 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈2,k′|1,k〉 v˜xβ′2
+GA3 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈3,k′|1,k〉 v˜xβ′3
+GA4 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈4,k′|1,k〉 v˜xβ′4
]
(4.3.9)
??? v˜xβα ? v˜xβα = ηvvxββδβα ???????????????????
v˜x11 = v
x
11 + nu
2
0
∑
k′
[
GA1 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈1,k′|1,k〉 ηvvxβ′β′δβ′1
+GA2 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈2,k′|1,k〉 ηvvxβ′β′δβ′2
+GA4 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈4,k′|1,k〉 ηvvxβ′β′δβ′4
]
(4.3.10)
??????? 〈3,k′|1,k〉 = 0??????????β′ ???????
v˜x11 = v
x
11 + nu
2
0
∑
k′
[
GA1 (k
′)GR1 (k
′) 〈1,k|1,k′〉 〈1,k′|1,k〉 ηvvx11
+GA2 (k
′)GR2 (k
′) 〈1,k|2,k′〉 〈2,k′|1,k〉 ηvvx22
+GA4 (k
′)GR4 (k
′) 〈1,k|4,k′〉 〈4,k′|1,k〉 ηvvx44
]
(4.3.11)
?????????????? (4.3.7)?????????????
v˜x11 = v
x
11 + nu
2
02piρ0τ
1
2pi
∫
dφ
[
〈1,k|1,k′〉 〈1,k′|1,k〉 ηvvx11
+ 〈1,k|2,k′〉 〈2,k′|1,k〉 ηvvx22
+ 〈1,k|4,k′〉 〈4,k′|1,k〉 ηvvx44
]
(4.3.12)
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????vx11 = vx22 = −vx44 = 2γN2Y cos(φ)???
ηνv
x
11 = v
x
11 + nu
2
02piρ0τ
1
2pi
ην
∫
dφvx11
[
〈1,k|1,k′〉 〈1,k′|1,k〉
+ 〈1,k|2,k′〉 〈2,k′|1,k〉
+ 〈1,k|4,k′〉 〈4,k′|1,k〉
]
(4.3.13)
???????????
ηνv
x
11 = v
x
11 + nu
2
02piρ0τ
1
2pi
ην
N4
4
vx11
[
2(1 + Y 2)2 − 2(1− Y 2)2 + 8Y 2]pi (4.3.14)
???????? (4.2.4)??
nu20 =
1
2τpiρ0N4(1 + Y 2)2
(4.3.15)
??????????????
ην = 1 + ην
2Y 2
(1 + Y 2)2
(4.3.16)
??????? ην ?????? λ?????
ην =
2λ2
λ2 + 1
(4.3.17)
????
???? λ → ∞? ηv → 2???????????????????????????
?? [10, 81,100]?
4.4 Bethe-Salpeter???
Γ???? Bethe-Salpeter????????
Γαβξω (k1,k2, q) = γ
αβ
ξω (k1,k2, q) +
∑
k3
γαµξν (k1,k3, q)G
R
ν (k3)G
A
µ (q − k3)Γµβνω(k3,k2, q)
(4.4.1)
γ ????????
γαβξω (k1,k2, q) = 〈〈β,k2|V (r) |α,k1〉 〈ω, q − k2|V (r) |ξ, q − k1〉〉imp
= nu20 〈β,k2|n〉 〈ω, q − k2|n′〉 〈m|α,k1〉 〈m′|ξ, q − k1〉 δmnδm′n′ (4.4.2)
??????????? 1ˆ =∑4 |n〉 〈n|?????〈n|?|n〉??????????????
? 〈1| = (1, 0, 0, 0) ?〈2| = (0, 1, 0, 0)?〈3| = (0, 0, 1, 0)?〈4| = (0, 0, 0, 1)?|1〉 = t(1, 0, 0, 0)
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Γ
Γ
= ++ +
α, k
1
β, k
2
ξ, q-k
1
ω, q-k
2
α, k
1
β, k
2
ξ, q-k
1
ω, q-k
2
α, k
1
β, k
2
ξ, q-k
1
ω, q-k
2μ, q-k
3
ν, q-k
3
? 4.4.1 Bethe-Salpeter?????????????? (4.4.1)??????
?|2〉 = t(0, 1, 0, 0)?|3〉 = t(0, 0, 1, 0)?|4〉 = t(0, 0, 0, 1)????Γ(k3,k2, q)??????
? q = 0????????????????????????
Γαβξω (k1,k2, q) = 〈β,k2|n〉 〈ω, q − k2|n′〉 〈m|α,k1〉 〈m′|ξ, q − k1〉Γmnm′n′(q) (4.4.3)
?????????
Γmnm′n′(q) = nu
2
0δmnδm′n′ + nu
2
0
∑
k
GRlm(k)G
A
l′m′(q − k)Γlnl′n′(q) (4.4.4)
?????????????????????????
G
R/A
lm (k) = 〈α,k|m〉GR/Aα (k) 〈l|α,k〉 (4.4.5)
?. (4.4.4)????????????
(ˆI− nu20Πˆ)Γˆ = nu20Iˆ (4.4.6)
??????? Iˆ ? 16× 16????????????
Πlml′m′ =
∑
k
GRlm(k)G
A
l′m′(q − k) (4.4.7)
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??????. (4.4.5)???? α ?????????GRlm ??????????????
??????
GR11(k) = N
2GR1 (k) +N
2Y 2GR4 (k) (4.4.8)
GR14(k) = iN
2Y e−iφGR1 (k)− iN2Y e−iφGR4 (k) (4.4.9)
GR41(k) = −iN2Y eiφGR1 (k) + iN2Y eiφGR4 (k) (4.4.10)
GR44(k) = N
2Y 2GR1 (k) +N
2GR4 (k) (4.4.11)
GR22(k) = N
2GR1 (k) +N
2Y 2GR4 (k) (4.4.12)
GR23(k) = iN
2Y eiφGR1 (k)− iN2Y eiφGR4 (k) (4.4.13)
GR32(k) = −iN2Y e−iφGR1 (k) + iN2Y e−iφGR4 (k) (4.4.14)
GR33(k) = N
2Y 2GR1 (k) +N
2GR4 (k) (4.4.15)
GR12(k) = G
R
13(k) = G
R
21(k) = G
R
24(k) = 0 (4.4.16)
GR31(k) = G
R
34(k) = G
R
42(k) = G
R
43(k) = 0 (4.4.17)
??? GR/A1 (k) = GR/A2 (k)?GR/A3 (k) = GR/A4 (k) ??????????GAlm(q − k) ?
?????????????
GA11(q − k) = N2GA1 (q − k) +N2Y 2GA4 (q − k) (4.4.18)
GA14(q − k) = −iN2Y e−iφGA1 (q − k) + iN2Y e−iφGA4 (q − k) (4.4.19)
GA41(q − k) = iN2Y eiφGA1 (q − k)− iN2Y eiφGA4 (q − k) (4.4.20)
GA44(q − k) = N2Y 2GA1 (q − k) +N2GA4 (q − k) (4.4.21)
GA22(q − k) = N2GA1 (q − k) +N2Y 2GA4 (q − k) (4.4.22)
GA23(q − k) = −iN2Y eiφGA1 (q − k) + iN2Y eiφGA4 (q − k) (4.4.23)
GA32(q − k) = iN2Y e−iφGA1 (q − k)− iN2Y e−iφGA4 (q − k) (4.4.24)
GA33(q − k) = N2Y 2GA1 (q − k) +N2GA4 (q − k) (4.4.25)
GA12(q − k) = GA13(q − k) = GA21(q − k) = GA24(q − k) = 0 (4.4.26)
GA31(q − k) = GA34(q − k) = GA42(q − k) = GA43(q − k) = 0 (4.4.27)
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4.4.1 Πˆ???
GRlm(k)?GAl′m′(q − k)?????Πlml′m′ ???????????????
(l,m) = (1, 1)?(l,m) = (2, 2)????
Πlm11 = Π
lm
22 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k) +GR1 (k)GA4 (q − k)Y 2
+GR4 (k)G
A
1 (q − k)Y 2 +GR4 (k)GA4 (q − k)Y 4
]
(4.4.28)
Πlm12 = Π
lm
21 = Π
lm
13 = Π
lm
31 = Π
lm
24 = Π
lm
42 = Π
lm
34 = Π
lm
43 = 0 (4.4.29)
Πlm14 =
∑
k
N4
[
−GR1 (k)GA1 (q − k)iY e−iφ +GR1 (k)GA4 (q − k)iY e−iφ
−GR4 (k)GA1 (q − k)iY 3e−iφ +GR4 (k)GA4 (q − k)iY 3e−iφ
]
(4.4.30)
Πlm23 =
∑
k
N4
[
−GR1 (k)GA1 (q − k)iY eiφ +GR1 (k)GA4 (q − k)iY eiφ
−GR4 (k)GA1 (q − k)iY 3eiφ +GR4 (k)GA4 (q − k)iY 3eiφ
]
(4.4.31)
Πlm32 = Π
lm
23
∗
(4.4.32)
Πlm33 = Π
lm
44 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)Y 2 +GR1 (k)GA4 (q − k)
+GR4 (k)G
A
1 (q − k)Y 4 +GR4 (k)GA4 (q − k)Y 2
]
(4.4.33)
Πlm41 = Π
lm
14
∗
(4.4.34)
(l,m) = (3, 3)?(l,m) = (4, 4)????
Πlm11 = Π
lm
22 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)Y 2 +GR1 (k)GA4 (q − k)Y 4
+GR4 (k)G
A
1 (q − k) +GR4 (k)GA4 (q − k)Y 2
]
(4.4.35)
Πlm12 = Π
lm
21 = Π
lm
13 = Π
lm
31 = Π
lm
24 = Π
lm
42 = Π
lm
34 = Π
lm
43 = 0 (4.4.36)
Πlm14 =
∑
k
N4
[
−GR1 (k)GA1 (q − k)iY 3e−iφ +GR1 (k)GA4 (q − k)iY 3e−iφ
−GR4 (k)GA1 (q − k)iY e−iφ +GR4 (k)GA4 (q − k)iY e−iφ
]
(4.4.37)
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Πlm23 =
∑
k
N4
[
−GR1 (k)GA1 (q − k)iY 3eiφ +GR1 (k)GA4 (q − k)iY 3eiφ
−GR4 (k)GA1 (q − k)iY eiφ +GR4 (k)GA4 (q − k)iY eiφ
]
(4.4.38)
Πlm32 = Π
lm
23
∗
(4.4.39)
Πlm33 = Π
lm
44 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)Y 4 +GR1 (k)GA4 (q − k)Y 2
+GR4 (k)G
A
1 (q − k)Y 2 +GR4 (k)GA4 (q − k)
]
(4.4.40)
Πlm41 = Π
lm
14
∗
(4.4.41)
(l,m) = (1, 2)?(l,m) = (1, 3)?(l,m) = (2, 1)?(l,m) = (3, 1)?(l,m) = (2, 4)?(l,m) =
(3, 4)?(l,m) = (4, 2)?(l,m) = (4, 3)??????? (l′,m′)???? Πlml′m′ = 0
(l,m) = (1, 4)????
Π1411 = Π
14
22 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)iY e−iφ +GR1 (k)GA4 (q − k)iY 3e−iφ
−GR4 (k)GA1 (q − k)iY e−iφ −GR4 (k)GA4 (q − k)iY 3e−iφ
]
(4.4.42)
Π1412 = Π
14
21 = Π
14
13 = Π
14
31 = Π
14
24 = Π
14
42 = Π
14
34 = Π
14
43 = 0 (4.4.43)
Π1414 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)Y 2e−2iφ −GR1 (k)GA4 (q − k)Y 2e−2iφ
−GR4 (k)GA1 (q − k)Y 2e−2iφ +GR4 (k)GA4 (q − k)Y 2e−2iφ
]
(4.4.44)
Π1423 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)Y 2 −GR1 (k)GA4 (q − k)Y 2
−GR4 (k)GA1 (q − k)Y 2 +GR4 (k)GA4 (q − k)Y 2)
]
(4.4.45)
Π1432 =
∑
k
N4
[
−GR1 (k)GA1 (q − k)Y 2e−2iφ +GR1 (k)GA4 (q − k)Y 2e−2iφ
+GR4 (k)G
A
1 (q − k)Y 2e−2iφ −GR4 (k)GA4 (q − k)Y 2e−2iφ
]
= −Π1414 (4.4.46)
Π1441 =
∑
k
N4
[
−GR1 (k)GA1 (q − k)Y 2 +GR1 (k)GA4 (q − k)Y 2
+GR4 (k)G
A
1 (q − k)Y 2 −GR4 (k)GA4 (q − k)Y 2)
]
= −Π1423 (4.4.47)
Π1433 = Π
14
44 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)iY 3e−iφ +GR1 (k)GA4 (q − k)iY 3e−iφ
−GR4 (k)GA1 (q − k)iY 3e−iφ −GR4 (k)GA4 (q − k)iY e−iφ
]
(4.4.48)
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(l,m) = (2, 3)????
Π2311 = Π
23
22 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)iY eiφ +GR1 (k)GA4 (q − k)iY 3eiφ
−GR4 (k)GA1 (q − k)iY eiφ −GR4 (k)GA4 (q − k)iY 3eiφ
]
(4.4.49)
Π2312 = Π
23
21 = Π
23
13 = Π
23
31 = Π
23
24 = Π
23
42 = Π
23
34 = Π
23
43 = 0 (4.4.50)
Π2314 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)Y 2 −GR1 (k)GA4 (q − k)Y 2
−GR4 (k)GA1 (q − k)Y 2 +GR4 (k)GA4 (q − k)Y 2
]
(4.4.51)
Π2323 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)Y 2e2iφ −GR1 (k)GA4 (q − k)Y 2e2iφ
−GR4 (k)GA1 (q − k)Y 2e2iφ +GR4 (k)GA4 (q − k)Y 2e2iφ)
]
(4.4.52)
Π2322 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)iY eiφ +GR1 (k)GA4 (q − k)Y 3eiφ
−GR4 (k)GA1 (q − k)iY eiφ −GR4 (k)GA4 (q − k)iY 3eiφ
]
(4.4.53)
Π2332 =
∑
k
N4
[
−GR1 (k)GA1 (q − k)Y 2 +GR1 (k)GA4 (q − k)Y 2
+GR4 (k)G
A
1 (q − k)Y 2 −GR4 (k)GA4 (q − k)Y 2
]
(4.4.54)
Π2333 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)iY 3eiφ +GR1 (k)GA4 (q − k)iY eiφ
−GR4 (k)GA1 (q − k)iY 3eiφ −GR4 (k)GA4 (q − k)iY eiφ
]
(4.4.55)
Π2341 =
∑
k
N4
[
−GR1 (k)GA1 (q − k)Y 2e2iφ +GR1 (k)GA4 (q − k)Y 2e2iφ
+GR4 (k)G
A
1 (q − k)Y 2e2iφ −GR4 (k)GA4 (q − k)Y 2e2iφ
]
(4.4.56)
Π2333 = Π
23
44 =
∑
k
N4
[
GR1 (k)G
A
1 (q − k)iY 3eiφ +GR1 (k)GA4 (q − k)iY eiφ
−GR4 (k)GA1 (q − k)iY 3eiφ −GR4 (k)GA4 (q − k)iY eiφ
]
(4.4.57)
Π32l′m′ ??? Π41l′m′ ?
Π32l′m′ = Π
23∗
m′l′ (4.4.58)
Π41l′m′ = Π
14∗
m′l′ (4.4.59)
70 ? 4? ??????????????????????
????Πlml′m′ ??????????? (4.3.6)?????? Ek ??????Πlml′m′ ???
? Ek ???????????????????GR1/4(k)GA1/4(q−k)??????????
????????
ρ0
∫
dEkG
R
1 (k)G
A
1 (q − k) ∼ ρ0τ(1− iτvF · q − (vF · q)2τ2)
= ρ0τ(1− iQxcosφ− iQysinφ−Q2xcos2φ− 2QxQycosφsinφ−Q2ysin2φ) (4.4.60)
ρ0
∫
dEkG
R
1 (k)G
A
4 (q − k) = ρ0
∫
dEkG
R
4 (k)G
A
1 (q − k) = 0 (4.4.61)
ρ0
∫
dEkG
R
4 (k)G
A
4 (q − k) ∼ ρ0τ(1 + iτvF · q − (vF · q)2τ2)
= ρ0τ(1 + iQxcosφ+ iQysinφ−Q2xcos2φ− 2QxQycosφsinφ−Q2ysin2φ) (4.4.62)
??? Qx = (γ2|kF |/EF )τqx?Qy = (γ2|kF |/EF )τqy ??????φ = tan−1ky/kx ??
????????????????????? Πlml′m′ ?????????????????
??????????????????∫
dφρ0
∫
dEkG
R
1 (k)G
A
1 (q − k) = piρ0τ(2−Q2) (4.4.63)∫
dφρ0
∫
dEkG
R
4 (k)G
A
4 (q − k) = piρ0τ(2−Q2) (4.4.64)∫
dφρ0
∫
dEkG
R
1 (k)G
A
1 (q − k)eiφ = piρ0τ(−iQx +Qy) (4.4.65)
∫
dφρ0
∫
dEkG
R
4 (k)G
A
4 (q − k)eiφ = piρ0τ(iQx −Qy) (4.4.66)∫
dφρ0
∫
dEkG
R
1 (k)G
A
1 (q − k)e−iφ = −piρ0τ(iQx +Qy) (4.4.67)∫
dφρ0
∫
dEkG
R
4 (k)G
A
4 (q − k)e−iφ = piρ0τ(iQx +Qy) (4.4.68)∫
dφρ0
∫
dEkG
R
1 (k)G
A
1 (q − k)e2iφ =
piρ0τ
2
(−iQx +Qy)2 (4.4.69)∫
dφρ0
∫
dEkG
R
4 (k)G
A
4 (q − k)e2iφ =
piρ0τ
2
(iQx −Qy)2 (4.4.70)∫
dφρ0
∫
dEkG
R
1 (k)G
A
1 (q − k)e−2iφ =
piρ0τ
2
(iQx +Qy)
2 (4.4.71)∫
dφρ0
∫
dEkG
R
4 (k)G
A
4 (q − k)e−2iφ =
piρ0τ
2
(iQx +Qy)
2 (4.4.72)
?. (4.4.63)-(4.4.72)????? Πlml′m′ ??????????
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(l,m) = (1, 1)?(l,m) = (2, 2)???
Πlm11 = Π
lm
22 = N
4piρ0τ(1 + Y
4)(2−Q2) (4.4.73)
Πlm23 = Π
lm∗
32 = N
4piρ0τiY (1 + Y
2)(iQx −Qy) (4.4.74)
Πlm14 = Π
lm∗
41 = N
4piρ0τiY (1 + Y
2)(iQx +Qy) (4.4.75)
Πlm33 = Π
lm
44 = N
4piρ0τY
22(2−Q2) (4.4.76)
(l,m) = (3, 3)?(l,m) = (4, 4)???
Πlm11 = Π
lm
22 = N
4piρ0τY
22(2−Q2) (4.4.77)
Πlm23 = Π
lm∗
32 = N
4piρ0τiY (1 + Y
2)(iQx −Qy) (4.4.78)
Πlm14 = Π
lm∗
41 = N
4piρ0τiY (1 + Y
2)(iQx +Qy) (4.4.79)
Πlm33 = Π
lm
44 = N
4piρ0τ(1 + Y
4)(2−Q2) (4.4.80)
(l,m) = (1, 4)???
Π1411 = Π
14
22 = −N4piρ0τiY (1 + Y 2)(iQx +Qy) (4.4.81)
Π1414 = −Π1432 = N4piρ0τY 2(Qy + iQx)2 (4.4.82)
Π1441 = −Π1423 = −N4piρ0τY 22(2−Q2) (4.4.83)
Π1444 = Π
14
33 = −N4piρ0τiY (1 + Y 2)(iQx +Qy) (4.4.84)
(l,m) = (2, 3)???
Π2311 = Π
23
22 = −N4piρ0τiY (1 + Y 2)(iQx +Qy) (4.4.85)
Π2314 = −Π2332 = N4piρ0τ2(2−Q2) (4.4.86)
Π2341 = −Π2323 = −N4piρ0τY 2pi(Qy − iQx)2 (4.4.87)
Π2344 = Π
23
33 = −N4piρ0τiY (1 + Y 2)(iQx +Qy) (4.4.88)
?????????????????????? Πlml′m′ ? 256????????
4.4.2 Γˆ???
? (4.4.6)???????? (Iˆ − nu20Πˆ)−1 ??????? Γ?????????????
(Iˆ − nu20Πˆ)−1 ???????????????Maple????????????????
??? (4.4.74)∼(4.4.88)????????? N4piρ0τ ? nu20 ???????
nu20N
4piρ0τ =
1
2
1
(Y 2 + 1)2
(4.4.89)
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?????????????????????Γ??????????q2 ????????
?? Γ???????????????
Γ1111 =
16λ4pinu20
γ2τ2(λ6 + λ2 − 2)q2 + 4λ2(λ2 − 1) (4.4.90)
Γ1122 =
(λ2 − 1)pinu20
γ2τ2(λ2 + 1)q2
(4.4.91)
Γ1133 =
8λ4(3λ2 + 1)2pinu20
γ2τ2(7λ8 − 8λ6 − 2λ4 + 3)q2 + 24λ8 + 32λ6 + 8λ4 (4.4.92)
Γ1144 =
2(λ2 + 1)2pinu20
γ2τ2(2λ4 − 3λ2 + 1)q2 + 2λ2 + 2 (4.4.93)
???
Γ1111 = Γ
22
22 = Γ
33
33 = Γ
44
44 (4.4.94)
Γ1122 = Γ
22
11 = Γ
33
44 = Γ
44
33 (4.4.95)
Γ1133 = Γ
22
44 = Γ
33
11 = Γ
44
22 (4.4.96)
Γ1144 = Γ
22
33 = Γ
33
22 = Γ
44
11 (4.4.97)
??????????????q ??????????????
Γ1441 =
2pi(λ2 − 1)nu20
γ2τ2(λ2 − 1)q2 + 2 (4.4.98)
???
Γ1423 = Γ
23
14 = Γ
32
41 = Γ
41
32 = Γ
11
22 (4.4.99)
Γ2332 = Γ
32
23 = Γ
41
14 = Γ
14
41 (4.4.100)
????(m,n,m′, n′)???????????????? Γˆ???? 16 × 16?????
?????? B??????
4.5 ?????????????????????
???
???????????????? δσ(0) ?? 4.5.1(a)??????????
δσ(0)(L) =
e2ℏ
2pi
∑
k
v˜xαω(k)v˜
x
ξβ(−k)GRα (k)GRβ (−k)GAω (k)GAξ (−k)
∑
q
Γαβξω (k,k, q)
(4.5.1)
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n’
m’
n
m
? 4.4.2 Γˆ ??????q ???????????????????????????
?????????
Γ
+
Γ
+
Γ
??? ??? ???
α
ω
ξ
β
α’
α
ω
ξ
ββ’
α
ω
ξ
β
ξ’ω’
? 4.5.1 ??????????????????????????????????
???????????????(a) ??????????????????????
δσ(0)?(b)(c) ?????????????????????????????????
????? (4.5.17)?? (4.5.18)??????
?????????????????????????????EF τ ≫ 1 ??????
????? α, β, ξ, ω = {1, 2}???????????????????????????
?????????????∑k = 〈ρ0 ∫ dEk〉F ???????????????????
?????
ρ0
∫
dEkG
R
α (k)G
R
β (−k)GAω (k)GAξ (−k) = 4piρ0τ3 (4.5.2)
?????????????? (4.3.3)?????????? (4.5.1)???? (α, β, ξ, ω) =
(1, 1, 1, 1) ??? (α, β, ξ, ω) = (1, 2, 2, 1) ???????????? (4.4.3) ?????
74 ? 4? ??????????????????????
k1 → k?k2 → −k?q → 0????? (4.5.1)???????
δσ(0)(L) =
e2ℏ
2pi
∑
k,q
v˜xαω(k)v˜
x
ξβ(−k)GRα (k)GRβ (−k)GAω (k)GAξ (−k)
× 〈β,−k|n〉 〈ω,k2|n′〉 〈m|α,k〉 〈m′|ξ,−k〉Γmnm′n′(q) (4.5.3)
????????????
δσ(0)(L) =
e2ℏ
2pi
∑
q
ρ0
∫
dEk
1
2pi
∫
dφ v˜xαω(k)v˜
x
ξβ(−k)GRα (k)GRβ (−k)GAω (k)GAξ (−k)
× 〈β,−k|n〉 〈ω,k2|n′〉 〈m|α,k〉 〈m′|ξ,−k〉Γmnm′n′(q) (4.5.4)
????? (4.5.2)??????????????
δσ(0)(L) =
e2ℏ
2pi
4piρ0τ
3
∑
q
1
2pi
∫
dφ v˜xαω(k)v˜
x
ξβ(−k)
× 〈β,−k|n〉 〈ω,k2|n′〉 〈m|α,k〉 〈m′|ξ,−k〉Γmnm′n′(q). (4.5.5)
????? k??? φ?????????????Ξ????????
Ξαβξω =
1
2pi
∫
dφ v˜xαω(k)v˜
x
ξβ(−k) 〈β,−k|n〉 〈ω,k2|n′〉 〈m|α,k〉 〈m′|ξ,−k〉Γmnm′n′(q).
(4.5.6)
(α, β, ξ, ω) = (1, 1, 1, 1)????
Ξ1111 =− 1
2
N8γ2Y 6Γ4444 +
1
2
N8γ2Y 6Γ4433 +
1
2
N8γ2Y 4Γ1423 −
1
2
N8γ2Y 4Γ4422
+
1
2
N8γ2Y 4Γ4411 −
1
2
N8γ2Y 4Γ1441 +
1
2
N8γ2Y 6Γ3344 +
1
2
N8γ2Y 4Γ2314
− 1
2
N8γ2Y 6Γ3333 −
1
2
N8γ2Y 6Γ3322 −
1
2
N8γ2Y 4Γ2332 −
1
2
N8γ2Y 4Γ3311
− 1
2
N8γ2Y 4Γ2244 −
1
2
N8γ2Y 4Γ3223 +
1
2
N8γ2Y 4Γ2233 −
1
2
N8γ2Y 2Γ2222
+
1
2
N8γ2Y 4Γ3241 +
1
2
N8γ2Y 2Γ2211 −
1
2
N8γ2Y 4Γ4114 +
1
2
N8γ2Y 4Γ1144
− 1
2
N8γ2Y 4Γ1133 +
1
2
N8γ2Y 4Γ4132 +
1
2
N8γ2Y 2Γ1122 −
1
2
N8γ2Y 2Γ1111. (4.5.7)
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(α, β, ξ, ω) = (1, 2, 2, 1)????
Ξ1221 =− 1
2
N8γ2Y 6Γ4444 −
1
2
N8γ2Y 6Γ4433 −
1
2
N8γ2Y 4Γ1423 +
1
2
N8γ2Y 4Γ4422
+
1
2
N8γ2Y 4Γ4411 −
1
2
N8γ2Y 4Γ1441 −
1
2
N8γ2Y 6Γ3344 −
1
2
N8γ2Y 4Γ2314
− 1
2
N8γ2Y 6Γ3333 +
1
2
N8γ2Y 6Γ3322 −
1
2
N8γ2Y 4Γ2332 +
1
2
N8γ2Y 4Γ3311
+
1
2
N8γ2Y 4Γ2244 −
1
2
N8γ2Y 4Γ107 +
1
2
N8γ2Y 4Γ2233 −
1
2
N8γ2Y 2Γ2222
− 1
2
N8γ2Y 4Γ3241 −
1
2
N8γ2Y 2Γ2211 −
1
2
N8γ2Y 4Γ4114 +
1
2
N8γ2Y 4Γ1144
+
1
2
N8γ2Y 4Γ1133 −
1
2
N8γ2Y 4Γ4132 −
1
2
N8γ2Y 2Γ1122 −
1
2
N8γ2Y 2Γ1111. (4.5.8)
? (4.5.7)?? (4.5.8)???????
Ξ1111 + Ξ1221 =N
8γ2Y 4Γ1441 +N
8γ2Y 4Γ4411 +N
8γ2Y 4Γ4114 −N8γ2Y 6Γ3333
+N8γ2Y 4Γ1144 −N8γ2Y 4Γ3223 −N8γ2Y 4Γ2332 −N8γ2Y 6Γ4444
−N8γ2Y 2Γ2222 −N8γ2Y 2Γ1111 +N8γ2Y 4Γ3322 +N8γ2Y 4Γ2233
= N8γ2Y 2(Γ1111 + Γ
22
22) +N
8γ2Y 6(Γ3333 + Γ
44
44)
+N8γ2Y 4(Γ1144 − Γ1441 − Γ4114 + Γ4411)
+N8γ2Y 4(Γ2233 − Γ2332 − Γ3223 + Γ3322) (4.5.9)
????????????????? Γ???????Wolff?????????????
(?? B??)?????
Γ1111 + Γ
22
22 = 〈c ↑ c ↑| Γˆ |c ↑ c ↑〉+ 〈c ↓ c ↓| Γˆ |c ↓ c ↓〉 (4.5.10)
Γ3333 + Γ
44
44 = 〈v ↑ v ↑| Γˆ |v ↑ v ↑〉+ 〈v ↓ v ↓| Γˆ |v ↓ v ↓〉 (4.5.11)
Γ1144 − Γ1441 − Γ4114 + Γ4411 = 〈c ↑ v ↓| Γˆ |c ↑ v ↓〉 − 〈v ↓ c ↑| Γˆ |c ↑ v ↓〉
− 〈c ↑ v ↓| Γˆ |v ↓ c ↑〉+ 〈v ↓ c ↑| Γˆ |v ↓ c ↑〉
= (〈c ↑ v ↓| − 〈v ↓ c ↑|)Γˆ(|c ↑ v ↓〉 − |v ↓ c ↑〉) (4.5.12)
Γ2233 − Γ2332 − Γ3223 + Γ3322 = 〈c ↓ v ↑| Γˆ |c ↓ v ↑〉 − 〈v ↑ c ↓| Γˆ |c ↓ v ↑〉
− 〈c ↓ v ↑| Γˆ |v ↑ c ↓〉+ 〈v ↑ c ↓| Γˆ |v ↑ c ↓〉
= (〈c ↓ v ↑| − 〈v ↑ c ↓|)Γˆ(|c ↓ v ↑〉 − |v ↑ c ↓〉) (4.5.13)
??????????? (4.5.10)?(4.5.11) ?????????? (4.5.12)?(4.5.13) ??
??????????? 3 ???????????? Γ ???????????????
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??????????????????????? 3 ????????????????
? (4.5.11) ??????????|v ↑ v ↑〉?|v ↓ v ↓〉 ????????????????
????????? 3 ????????? (? 3 ??????????????????
?????)?????????????????????????? (? (4.5.9)) ???
Y 4 = (λ − 1)2/(λ + 1)2 ??????Y ?? (1.3.41)?????????Wolff????
???? SOC? σ · k??????????????EF /∆? 1????????? SOC
???????????????????????????????EF /∆? 1?????
???????????????????? 3??? 3.4???????????????
?????????????????????????????????????????
?? |c ↑ c ↓〉+ |c ↓ c ↑〉??????????? |c ↑ c ↓〉 − |c ↓ c ↑〉?? 3???????
???????? kz = 0 ??????????????????????? (4.4.95)??
(4.4.99)???????Γ1122?Γ2211?Γ3344?Γ4433?Γ1423?Γ2314?Γ3241?Γ4132 ? 8?????????
??????????????? (4.5.7)?? (4.5.8)?????????????????
???????????
? 3 ??????????? Γ????
??? ???
|c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉 |c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉?
|v ↑〉 ⊗ |v ↑〉?|v ↓〉 ⊗ |v ↓〉 |c ↓〉 ⊗ |v ↑〉 − |v ↑〉 ⊗ |c ↓〉
? (4.5.9)?? (4.5.5)?????q ????????????????????????
δσ(0) =
e2
2pi2ℏ
βilog
ℓ−20 + ℓ
−2
i
L−2 + ℓ−2i
(4.5.14)
???????
αt = − 2(λ
2 + 1)
λ4 + λ2 + 2
, αs =
λ2 − 1
2(2λ2 − 1)
ℓ−2t =
Xt
D0τ
, ℓ−2s =
Xs
D0τ
Xt =
2λ2 − 2
λ4 + λ2 + 2
, Xs =
1
2λ2 − 1
(4.5.15)
???????????????????????????????? t?s?????D0
???????
D0 =
v2F τ
2
=
γ2(E2F −∆2)
2E2F
τ (4.5.16)
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??????????????????????????????????????? (?
4.5.1 (b)?(c))???????????
δσa =
e2ℏ
2pi
∑
k,k1,q
v˜xα′ω(k)v˜
x
ξβ′(−k1)GRα′(k)GRα (k1)GRβ (−k)GRβ′(−k1)GAξ (−k1)GAω (k)
Γαβξω (q)〈〈α,k1|V (r)|α′,k〉 〈β′,−k1|V (r)|β,−k〉〉imp (4.5.17)
δσb =
e2ℏ
2pi
∑
k,k1,q
v˜xαω′(k)v˜
x
ξ′β(−k1)GRα (k)GRβ (−k1)GAξ′(−k1)GAξ (−k)GAω (k1)GAω′(k)
× Γαβξω (q)〈〈ξ,−k, |V (r)|ξ′,−k1〉 〈ω′,k|V (r)|ω,k1〉〉imp (4.5.18)
δσ(0) ?????????? δσt/s,a ?
δσt/s,a =
e2
2pi2ℏ
ηH,t/sαtD0
∫
dq
1
D0q2 +Xt/sτ−1
(4.5.19)
ηH,t =
λ4 + 6λ2 + 1
16λ2(λ2 + 1)
(4.5.20)
ηH,s =
λ2 − 1
4λ2
(4.5.21)
????ηH,t?ηH,s ????????????????????????????????
?? δσt/s,b = δσt/s,a ????ηH,s ? λ → ∞ ? 1/4 ???????????????
? [10, 81, 100]?? 4.5.2?4.5.3?4.5.4? α?ηt/s?ℓt/s ????? EF /∆???????
????αs?αt ???????????????????????????? 3????
?? EF /∆ ∼ 3????????????????? [53]??????????????
????EF /∆ ∼ 2.5??? 3??????
????????? δσ(B) = δσ(0)(B) + δσ(1a)(B) + δσ(1b)(B)?
δσ(B) =
e2
2pi2ℏ
∑
i
αi(1 + ηH,i)η
2
v
[
ψ
(
1
2
+
ℓ2B
ℓ2
+
ℓ2B
ℓ2i
+
ℓ2B
ℓ2φ
)
− ψ
(
1
2
+
ℓ2B
ℓ2i
+
ℓ2B
ℓ2φ
)]
(4.5.22)
????? 4.5.5 ??????????????λ ????????? WL-WAL ???
??????????????????? SOC???????????????????
???
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α
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| l t
/l
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  | l
s/l
0|
2015105
EF/∆
 lt
 ls
? 4.5.4 ℓs ? ℓt ? EF /∆????
-30x10-6
-20
-10
0
10
20
δσ
(Β
)−
δσ
(0)
(e2
/2
pi
2 h_
)
1.00.50.0-0.5-1.0
B(T)
EF/∆=1.1
2.0
3.0
5.0
10.0
? 4.5.5 ???????????????????EF /∆ = 1.1?2.0?3.0?5.0?10.0
??????????
80 ? 4? ??????????????????????
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
δσ
(Β
)−
δσ
(0)
(e2
/2
pi
2 h_
)
420-2-4
B(T)
 lsf, HLN =21nm
 lsf, Wolff =21nm
 lsf, HLN =10nm
? 4.6.1 ??????Wolff?HLN????Wolff?????ℓφ = 520nm?ℓ = 15nm?
EF /∆ = 20????HLN??????ℓφ = 300nm?ℓ0 = 10nm?ℓso = 12nm????
4.6 ??????????
? (4.5.22) ???????????????????????????????? ℓ ?
λ = EF /∆?????????? (4.2.5)-(4.2.7)?????????? ℓ0,???????
??? ℓIntra,sf ,?????????? ℓInter,sf ????????????????????
???? (4.2.5)-(4.2.7)?????
ℓ0 =
√
2ℓ, ℓIntra,sf =
√
2λℓ, ℓInter,sf =
√
2λ2
λ2 − 1ℓ (4.6.1)
ℓ−2sf,Wolff = ℓ
−2
Intra,sf + ℓ
−2
Inter,sf (4.6.2)
????δσ?HLN?? (3.3.1)???????? (4.6.1)?????????????Wolff
?????????? ℓφ = 520nm?ℓ = 15nm?EF /∆ = 20 ????????????
???????????? ℓ0,Wolff = ℓsf,Wolff=21nm????HLN??????????
4.6 ?????????? 81
ℓφ = 300nm?ℓ0 = 10nm ?ℓso = 12nm???????????????????????
1/τsf ∼ 4/(3τso) ???????? [58]???????????????? ℓso ? HLN ?
?????? ℓsf,HLN ???? ℓsf,HLN ∼
√
3/(2ℓso) ????????? HLN ?????
??? ℓsf,HLN = 10nm ????????????????? δσW ??????????
???? HLN?????? 2???????????????? HLN????????
ℓsf,HLN = 21nm??????δσ ?????????????????
? 4 SOC???? HLN??????????
SOC??? HLN??
????? ℓφ 520nm 300nm
?????? ℓ0 21nm 10nm
?????? ℓsf 21nm 10nm
SOC??????????????????????????????????????
?????????????????? Elliotto-Yafet??????????? [33]? ??
????????????????????? λ???????????????????
??? λ?????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????? SOC????
?????????????????
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??
??????SOC??????????????????????????????
? 3???Wolff??????????????? SOC??????????????
?????????????????????? SOC?????????????? HLN
?????????????????????WAL?????????????WAL?
???????????? SOC ??SOC ?????????????????????
?????????????????????????????????????????
WAL??????????????????????????????????????
??????????????????????????????WAL????????
???????? SOC???????SOC?????????????????????
???????????????????????????????????WAL???
?????????????????????????????????????????
????????????????HLN??????????????????????
?????SOC????????????????????????????? SOC??
???? Bi???????????????????????EF /∆?????????
??WAL-WL???????? SOC???????????????????????
??? Bi1−xSbx ?????? PbTe????????????????
?? 4??????????????????????????????????????
????????????? 3 ??????????????????????????
?????????????????????????????????????????
?????????????????????????????? Bethe-Salpeter ???
? 16×16????????? Bethe-Salpeter???? EF τ ≫ 1???????????
?????Bethe-Salpeter????????? 16????????????????? 16
????????????????????????????????? 3???????
??????????????????????????? 3?????????????
84 ??
?????????????????????????????????????????
5?? 3????? 4???????SOC??????????????????? Γ?
????????
? 5 SOC?????????????????? Γ????????
??? ???
? 3? |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉 |c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉?
(???????) |c ↓〉 ⊗ |v ↑〉 − |v ↑〉 ⊗ |c ↓〉
? 4? |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉? |c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉?
(???????????) |v ↑〉 ⊗ |v ↑〉?|v ↓〉 ⊗ |v ↓〉 |c ↓〉 ⊗ |v ↑〉 − |v ↑〉 ⊗ |c ↓〉
SOC????? EF /∆?????????????????????????????
??????????????????????????? HLN???????????
???SOC?????????????? HLN???????????? 2??????
???????????SOC ???????????????????????????
??????????????????????????????????????? SOC
?????????????????????????????????????????
????????????????????????SOC ??????????????
?????????????????????????????????????????
????????????????
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??A ??????
????????????????????
??????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
? A??????
〈A〉 ≡
∑
i
wi 〈αi|A |αi〉 (A.1)
???????wi ??????????????????????????
∑
b |b〉 〈b|??
????????
〈A〉 =
∑
i
wi
∑
b′
∑
b′′
〈αi|b′〉 〈b′|A |b′′〉 〈b′′|αi〉
=
∑
b′
∑
b′′
(∑
i
wi 〈b′′|αi〉 〈αi|b′〉
)
〈b′|A |b′′〉 (A.2)
???????? ρ?
ρ ≡
∑
i
wi |αi〉 〈αi| (A.3)
????????????? |b〉?????????
〈b′′| ρ |b′〉 =
∑
i
wi 〈b′′|αi〉 〈αi|b′〉 (A.4)
???????????????? [91]????????? (A.2)?
〈A〉 =
∑
b′
∑
b′′
〈b′′| ρ |b′〉 〈b′|A |b′′〉
= Tr(ρA) (A.5)
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????????????? (A.3)???????????????? t0 ???? |αi, t0〉
???????? |αi, t〉?????????????????? U(t)?????
|αi, t〉 = U(t) |αi, t0〉 (A.6)
??????????? (A.3)??????????????????
ρ(t) =
∑
i
wi |αi, t〉 〈αi, t| (A.7)
?????? |αi〉?????? wi ????????????|αi, t〉??????????
??????????
iℏ
∂ρ
∂t
=
∑
i
wi
(
H |αi, t〉 〈αi, t| − |αi, t〉 〈αi, t|H)
= −[ρ,H] (A.8)
?????????????????????von Neumann??????????
???????
??????????????????? (−∞)??????????????????
?????????????????????????????????????????
???? F (t)?????????????? A???????????????????
??????
H = H0 −AF (t) (A.9)
??? A????????F (t)??????????????????????????
????????????????
ρ0 =
e−βH0
Z
(A.10)
Z = Tre−βH0 (A.11)
?????????????????????????????????????????
??????????????
ρ = ρ0 + δρ (A.12)
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? (A.9)?? (A.12)?? (A.8)??????
iℏ
∂δρ
∂t
= −[ρ0,−AF (t)]− [δρ,H0]− [δρ,−AF (t)] (A.13)
??????????????????????????????????????? g?
?????
δρ = exp
(
−iH0t
ℏ
)
g exp
(
i
H0t
ℏ
)
(A.14)
???? (A.13)??????
iℏ
∂g
∂t
= −exp
(
i
H0t
ℏ
)
[ρ0,−AF (t)] exp
(
−iH0t
ℏ
)
(A.15)
??? t?????????
iℏ{g(t)− g(−∞)} = −
∫ t
−∞
dt′exp
(
i
H0t
ℏ
)
[ρ0,−AF (t′)]exp
(
−iH0t
ℏ
)
(A.16)
????g(−∞)?????????? 0????δρ???????
δρ = − 1
iℏ
∫ t
−∞
dt′e−i
H0
ℏ (t−t′)[ρ0,−AF (t′)]ei
H0
ℏ (t−t′) (A.17)
???????????? B??????
〈B〉 = TrρB
= Trρ0B +TrδρB
= 〈B〉0 − 1
iℏ
∫ t
−∞
dt′Tr{e−iH0ℏ (t−t′)[ρ0,−AF (t′)]ei
H0
ℏ (t−t′)B}
= 〈B〉0 − 1
iℏ
∫ t
−∞
dt′Tr{[ρ0,−AF (t′)]B(t− t′)}
= 〈B〉0 − 1
iℏ
∫ t
−∞
dt′Tr{ρ0[−AF (t′), B(t− t′)]} (A.18)
??????????????????????????????????????
????????
???????????????????B(t) ??????????????????
???????? jx(t) − Ne2Ax/m????? F (t)??????????? Ax(t)??
??N ??????????? A ?????????????? jx(t = 0) ??????
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??????????????j ??????????????????????????
???????????????
〈jx〉 = − 1
iℏ
∫ t
−∞
dt′Tr{ρ0[jx(t′ − t), jx(t = 0)]}Ax(t′)− Ne
2
m
Ax(t) (A.19)
????Ax(t) = Ax(ω)e−iωt+ϵt?Ex(ω)/iω = Ax(ω)?jx(t) = jx(ω)e−iωt+ϵt ????
jx(ω) = − 1
iω
∫ ∞
0
dt
1
iℏ
〈[jx(t), jx(t = 0)]〉eiωt−ϵtEx(ω)− Ne
2
miω
Ex(ω) (A.20)
????????? Φxx(ω)????????????
Φxx(ω) = − 1
iℏ
∫ ∞
0
dt〈[jx(t), jx(t = 0)]〉eiωt−ϵt (A.21)
?? Φxx(0)??????
Φxx(0) = − 1
iℏ
∫ ∞
0
dt〈[jx(t), jx(t = 0)]〉e−ϵt
=
1
iℏ
∑
i,j
e2〈xi(0)x˙j − x˙jxi(0)〉
=
Ne2
m
(A.22)
????? (A.21)?? (A.22)?????????? (A.20)?
jx(ω) =
1
iω
[Φxx(ω)− Φxx(0)]Ex(ω) (A.23)
???????????????
σxx(ω) =
1
iω
[Φxx(ω)− Φxx(0)] (A.24)
????
???????????????????????????????????????
? [50]??????????????????????????????????????
??????????? [2,44]???????????????????????????
??? H0 + V ?????????????? |α〉?????????? Eα ??????
??????
Φxx(ω) = 2e
2
∑
α,α′
f(Eα)− f(Eα′)
Eα − Eα′ + ℏω + iδ 〈α|jx|α
′〉 〈α′|jx|α〉 (A.25)
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?????????????????? 2???????
1
Eα − Eα′ + ℏω + iδ −
1
Eα − Eα′ =
−ℏω − iδ
(Eα − Eα′ + ℏω + iδ)(Eα − Eα′) (A.26)
????????????
Φxx(ω) = Φxx(0) + 2piiωe
2
∑
α,α′
f(Eα)− f(Eα′)
(Eα − Eα′ + ℏω + iδ)(Eα − Eα′) 〈α|jx|α
′〉 〈α′|jx|α〉
(A.27)
?????????
σxx(ω) = 2ℏe2
∑
α,α′
| 〈α|jx|α′〉 |2 f(Eα)− f(Eα
′)
Eα − Eα′ δ(Eα − Eα
′ + ℏω)
= 2ℏe2
∑
α,α′
| 〈α|jx|α′〉 |2 f(Eα
′ − ℏω)− f(Eα′)
Eα′ − ℏω − Eα′ δ(Eα − Eα
′ + ℏω) (A.28)
ω → 0?????
σxx(0) =
2ℏe2
m2
∑
α,α′
| 〈α|jx|α′〉 |2 df(Eα
′)
dEα′
δ(Eα − Eα′) (A.29)
=
2ℏe2
m2
∫
dE
∑
α,α′
| 〈α|jx|α′〉 |2 df(E)
dE
δ(E − Eα)δ(E − Eα′) (A.30)
=
2ℏe2
m2
∫
dE
∑
α,α′
df(E)
dE
δ(E − Eα) 〈α|jx|α′〉 δ(E − Eα′) 〈α′|jx|α〉 (A.31)
=
2ℏe2
m2
∫
dE
∑
α,α′
df(E)
dE
〈α| δ(E −H0 − V )jxδ(E −H0 − V ) |α′〉 〈α′| jx |α〉
(A.32)
=
2ℏe2
m2
∫
dE
df(E)
dE
Tr [δ(E −H0 − V )jxδ(E −H0 − V )jx] (A.33)
???
δ(x) =
1
2pii
(
1
x− iδ −
1
x+ iδ
)
(A.34)
???????????
σxx(0) =
ℏe2
2pim2
∫
dE
df(E)
dE
Tr
[( 1
E −H0 − V − iδ −
1
E −H0 − V + iδ
)
jx
×
(
1
E −H0 − V − iδ −
1
E −H0 − V + iδ
)
jx
]
(A.35)
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???????????????????
GR/A(k,k′, E) =
〈
k
∣∣∣∣ 1E −H0 − V ± iδ
∣∣∣∣k′〉 (A.36)
????????????????????
σxx =
ℏe2
pi
∑
k,k′
ℏ2
m2
kxk
′
x〈GR(k,k′, EF )GA(k,k′, EF )〉imp (A.37)
???????????GRGR?GAGA ???????????????????????
?????????????????????????????????????????
?????????????????????????????????
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??B ? 4?? Γ???
Γ????????(m,n,m′, n′)?????????????????????????
??
(m,n,m′, n′) = (1, 1, 1, 1)↔ (1, 1)??
Γ1111 = 〈c ↑ c ↑| Γˆ |c ↑ c ↑〉 (B.1)
(m,n,m′, n′) = (1, 1, 2, 2)↔ (2, 2)??
Γ1122 = 〈c ↑ c ↓| Γˆ |c ↑ c ↓〉 (B.2)
(m,n,m′, n′) = (1, 1, 3, 3)↔ (3, 3)??
Γ1133 = 〈c ↑ v ↑| Γˆ |c ↑ v ↑〉 (B.3)
(m,n,m′, n′) = (1, 1, 4, 4)↔ (4, 4)??
Γ1144 = 〈c ↑ v ↓| Γˆ |c ↑ v ↓〉 (B.4)
(m,n,m′, n′) = (2, 2, 1, 1)↔ (5, 5)??
Γ2211 = 〈c ↓ c ↑| Γˆ |c ↓ c ↑〉 (B.5)
(m,n,m′, n′) = (2, 2, 2, 2)↔ (6, 6)??
Γ2222 = 〈c ↓ c ↓| Γˆ |c ↓ c ↓〉 (B.6)
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(m,n,m′, n′) = (2, 2, 3, 3)↔ (7, 7)??
Γ2233 = 〈c ↓ v ↑| Γˆ |c ↓ v ↑〉 (B.7)
(m,n,m′, n′) = (2, 2, 4, 4)↔ (8, 8)??
Γ2244 = 〈c ↓ v ↓| Γˆ |c ↓ v ↓〉 (B.8)
(m,n,m′, n′) = (3, 3, 1, 1)↔ (9, 9)??
Γ3311 = 〈v ↑ c ↑| Γˆ |v ↑ c ↑〉 (B.9)
(m,n,m′, n′) = (3, 3, 2, 2)↔ (10, 10)??
Γ3322 = 〈v ↑ c ↓| Γˆ |v ↑ c ↓〉 (B.10)
(m,n,m′, n′) = (3, 3, 3, 3)↔ (11, 11)??
Γ3333 = 〈v ↑ v ↑| Γˆ |v ↑ v ↑〉 (B.11)
(m,n,m′, n′) = (3, 3, 4, 4)↔ (12, 12)??
Γ3344 = 〈v ↑ v ↓| Γˆ |v ↑ v ↓〉 (B.12)
(m,n,m′, n′) = (4, 4, 1, 1)↔ (13, 13)??
Γ4411 = 〈v ↓ c ↑| Γˆ |v ↓ c ↑〉 (B.13)
(m,n,m′, n′) = (4, 4, 2, 2)↔ (14, 14)??
Γ4422 = 〈v ↓ c ↓| Γˆ |v ↓ c ↓〉 (B.14)
(m,n,m′, n′) = (4, 4, 3, 3)↔ (15, 15)??
Γ4433 = 〈v ↓ v ↑| Γˆ |v ↓ v ↑〉 (B.15)
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(m,n,m′, n′) = (4, 4, 4, 4)↔ (16, 16)??
Γ4444 = 〈v ↓ v ↓| Γˆ |v ↓ v ↓〉 (B.16)
???????????????
(m,n,m′, n′) = (1, 4, 2, 3)↔ (2, 15)??
Γ1423 = 〈v ↓ v ↑| Γˆ |c ↑ c ↓〉 (B.17)
(m,n,m′, n′) = (1, 4, 4, 1)↔ (4, 13)??
Γ1441 = 〈v ↓ c ↑| Γˆ |c ↑ v ↓〉 (B.18)
(m,n,m′, n′) = (2, 3, 1, 4)↔ (5, 12)??
Γ2314 = 〈v ↑ v ↓| Γˆ |c ↓ c ↑〉 (B.19)
(m,n,m′, n′) = (2, 3, 3, 2)↔ (7, 10)??
Γ2332 = 〈v ↑ c ↓| Γˆ |c ↓ v ↑〉 (B.20)
(m,n,m′, n′) = (3, 2, 2, 3)↔ (10, 7)??
Γ3223 = 〈c ↓ v ↑| Γˆ |v ↑ c ↓〉 (B.21)
(m,n,m′, n′) = (3, 2, 4, 1)↔ (12, 5)??
Γ3241 = 〈c ↓ c ↑| Γˆ |v ↑ v ↓〉 (B.22)
(m,n,m′, n′) = (4, 1, 1, 4)↔ (13, 4)??
Γ4114 = 〈c ↑ v ↓| Γˆ |v ↓ c ↑〉 (B.23)
(m,n,m′, n′) = (4, 1, 3, 2)↔ (15, 2)??
Γ4132 = 〈c ↑ c ↓| Γˆ |v ↓ v ↑〉 (B.24)
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????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
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???? Girish Sharma??????????????????????????????
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